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Abstract 
Tra catfish (Pangasianodon hypophthalmus) currently is the most important 
freshwater indigenous teleost cultured in the aquaculture sector in the Mekong River Delta 
(MRD) in Vietnam and it is now an icon of aquaculture development in Vietnam and 
globally. Over decades, the tra catfish industry has developed rapidly to a point where 
annual production now exceeds one million tonnes, employs nearly 200,000 rural poor, 
and resulted in export income of US$ 1.4 billion in 2010 (De Silva and Phuong, 2011). 
This industry however, has been identified as one that is likely to be impacted by predicted 
climate change scenarios because the MRD has been identified as among the top three 
most likely seriously affected regions around the world (IPCC, 2007). Predicted changes 
largely are related to water temperature increases caused by global warming and raised 
salinity caused by saline intrusion from sea level rise. The current situation highlights the 
need to assess potential effects of climate change on the tra catfish culture industry and to 
identify appropriate ways that will allow sustainable development of this important 
industry. 
The current study examined the responses of replicate cohorts of juvenile tra catfish to 
sublethal salinity and temperature change in three trials: (1) effects of raised sublethal 
salinities (freshwater, 2, 6, 10, 14 and 18‰); (2) effects of temperature levels (24, current 
ambient (27-28oC), 30, 32, 34, and 36oC); and (3) combined effects of temperature (25, 30, 
and 35oC) and salinity (freshwater, 6, and 12‰). Indicators for assessing effects of climate 
change on tra catfish performance included survival rate, growth performance, food 
conversion ratio, hormonal response (cortisol, growth hormone/IGF-1), osmoregulatory, 
plasma glucose and plasma ion concentrations, hematological parameters, and growth 
hormone gene expression patterns.  
Results of the first trial showed that tra catfish had high survival rates, better growth 
performance and better FCR values in a salinity range from freshwater to 10‰. Cortisol 
levels were elevated in the 14 and 18‰ treatments after 6 h and reached a peak after 24-h 
exposure, and this also led to increases in plasma glucose concentration. While fish in high 
salinity treatments did recover over a 14 days period, high salinity conditions had long-
term negative effects on growth performance and FCR values. In trial 2, low temperature 
(24oC) significantly affected fish growth rate and FCR value while high sublethal 
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temperatures led to enhanced growth performance until 34oC where it peaked. Results of 
the 3rd trial showed that changes in temperature, salinity and their interaction had 
significant effects on individual growth rate and feed conversion efficiency of fish in the 
35°C-6‰ treatment producing optimal conditions for growth while not producing 
significantly higher FCR values in comparison with a control treatment (freshwater - 
ambient temperature (25oC)). Tra catfish showed an effective capacity to acclimate 
successfully to changes in external environment factors (temperature and salinity), that 
included changing red blood cell count, hemoglobin concentration, metabolic rate, and 
energy mobilisation. 
Results of this study suggest that tra catfish can acclimate relatively easily to 
environmental conditions that have been predicted under current climate change models 
for the MRD. This provides strong indication that natural tra populations have the potential 
to adapt to higher salinity and temperature regimes relatively rapidly and therefore may 
persist successfully in the MRD for the long term. Furthermore, these data suggest that 
variation in genes underlying stress response to temperature and salinity that currently exist 
could facilitate development of culture strains that will perform well in the tra culture 
industry into the future. 
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Notes on Thesis Preparation  
Chapters 2 to 4 of this thesis are presented as either published papers or as submitted 
manuscripts for publication. As such, there will be some necessary repetition of 
information in the General Introduction and General Discussion and Conclusions when 
compared against the Introductions and Discussions of individual data chapters. In 
Chapters 2 to 4, Figures and Tables in each chapter are re-initialized to maintain each 
chapter as an independent research paper. There is also some extra material that has been 
added to the data chapters that is relevant to the respective chapters but was not presented 
in the published papers/manuscripts. The reference list at the end of the thesis relates to all 
chapters.  
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Chapter 1.  General Introduction and Thesis Structure 
1. Importance of aquaculture and fisheries 
According to Department of Economic and Social Affairs - United Nations (United 
Nations, 2013), the world human population is growing at an average of 1.2% annually 
and reached 6.92 billion in 2010 (Bongaarts and Sinding, 2011). The world population 
is also projected to continue to grow from nine up to ten billion by 2100 (United 
Nations, 2013). From 1950 to 2010, sub-Saharan Africa’s population increase 
dramatically from just 180 to 831 million, with an annual growth rate of 108%. Less 
developed regions around the world excluding the least developed countries contributed 
a high proportion (~69.92%) of the increase in the world’s human population over this 
time (United Nations, 2013).  
Rapid population growth combined with increasing urbanization with associated 
shifts in diet toward more, and higher quality food is predicted to produce a serious food 
crisis. Faced with this problem, research is currently directed at finding solutions to 
improve crop yields, increase livestock productivity, and to promote technical 
developments. While productivity of food production has improved, 370 million people 
have been predicted to be hungry by 2060 and this represents almost 5% of the total 
human population in developing countries (Parry et al., 2013).  
Fish and fish products represent an affordable source of animal protein that is often 
cheaper than alternative terrestrial animal protein sources. Seafood is also preferred, and 
forms an important component of local and traditional staple food cultures with people 
in many developing countries that depend on fish as a part of their daily diet (FAO, 
2012). Aquatic foods possess relatively high nutritional quality, and contribute 
approximately 20% or more to average per capita animal protein intake for more than 
1.5 billion people, mostly in China, Asia and west Africa (Cochrane et al., 2009; FAO, 
2014).  
Fisheries and aquaculture contributes not only to human health but also to wealth 
growth. Employment in this sector has also grown faster than the rate of the world’s 
population. The sector provides work for tens of millions and supports the livelihoods 
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of hundreds of millions with fish continuing to be one of the most-traded food 
commodities worldwide. It is especially important in most developing countries, and in 
some cases constitutes up to half the total value of traded commodities (FAO, 2014).  
Global capture fishery production of 93.7 million tonnes in 2011 was the second 
highest ever (93.8 million tonnes in 1996) with fish production from marine water 
contributing the greatest proportion. World food fish aquaculture production also 
expanded at an average annual rate of 6.2% over the period 2000–2012 from 32.4 
million to 66.6 million tonnes. Some 58.3 million people (37% full time) in developing 
countries were engaged in the primary sector of capture fisheries and aquaculture in 
2012 (FAO, 2014). Of these, 84% of all people employed in the fisheries and 
aquaculture sector live in Asia, followed by Africa (more than 10%). Overall, women 
accounted for more than 15% of all people directly engaged in the fisheries sector in 
2012 while this exceeded 20% in inland water fisheries and up to 90% in secondary 
activities (e.g. processing).  
While aquaculture and fisheries contribute many benefits and can assist sustainable 
development, these industries are now facing some serious issues related to growing 
global human populations, climate change and associated social problems. Wild fish 
stocks are currently being fished at biologically unsustainable levels with technologies 
directed at producing maximum sustainable yields (MSY); therefore most wild stocks 
are overfished. Stocks fished at MSY levels produce catches that are at, or very close to, 
their maximum sustainable production. There is no room therefore, for further 
expansion of wild catches. This problem requires effective management to maintain 
wild fish resources (FAO, 2014). To address this issue, people must not only improve 
farmed fish productivity, but also ensure that aquaculture and wild fisheries are 
sustainable to support growing world demand for food (FAO, 2014).  
Vietnam currently is 9th among the top ten major marine capture fisheries 
producers and produced 2.42 million tonnes of fish in 2012, an increase of 46.8% 
compared with a decade earlier. Vietnam was also the 3rd top farm food fish producer in 
2012, contributing 3.09 million tonnes, providing 4.6% of the world fish production 
(FAO, 2014). Fish and fish products consequently play an important role in Vietnam’s 
economy. In 2011, Vietnamese people consumed 14.6kg/capita of fish on average 
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annually and this represented 8.5% of total protein consumed. In particular, fish and fish 
products are very important in certain regions of Vietnam, notably in the Mekong River 
Delta (MRD). People in this region consume up to 24.4 kg/capita of fish in their diets 
(FAO, 2014).  
2. Tra catfish and the importance of catfish culture to the Vietnamese 
economy 
2.1. Tra catfish 
Tra catfish, Pangasianodon hypophthalmus (Sauvage, 1878) (Figure 1-1), belong 
to kingdom Animalia, subphylum Vertebrata, Class Osteichthyes, subclass 
Actinopterygii, order Siluriformes (Fishbase, 2014), and is one of approximately 30 
species in the family Pangasiidae. Tra catfish has been known by various synonyms, 
including Helicophagus hypophthalmus (Sauvage, 1878), Pangasianodon 
hypophthalmus (Sauvage, 1878), Pangasius hypophthalmus (Sauvage, 1878), Pangasius 
pangasius (non Hamilton, 1822)- Pangasius pleurotaenia (non Sauvage, 1878)- 
Pangasius sutchi (Fowler, 1937) (Thuong, 2008).  The current accepted name, 
Pangasianodon hypophthalmus, was first used by Rainboth (1996), and since then, has 
remained the default name for the species (Thuong, 2008). 
 
Figure 1-1. Tra catfish (P. hypophthalmus) (Phuong and Oanh, 2010). 
Tra is a migratory, obligate freshwater species with individuals moving upstream in 
the Mekong River at the end of the flooding season (from October to February) and 
returning to the main channel at the beginning of the rainy season (from June to August) 
(Phuong and Oanh, 2010). In the wild, tra catfish reach a maximum length of about 
90cm (Roberts and Vidthayanon, 1991) and achieves a maximum weight of 
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approximately 44kg (from a photo of an individual have been featured in a Thai 
magazine (Fishing Adventures Thailand, e-mail: fishasia@ksc.th.com). Under pond 
conditions, fish are harvested at the size of approximately 1 kg after a growth period 
about 6-7 months (Phan et al., 2009). The species is a continuous obligate air breather 
and the swimbladder, which was described as a large, trabeculated, well vascularised 
organ, and the only obvious gas-containing structure in the fish body, has been 
identified as a likely accessory breathing organ (Roberts and Vidthayanon, 1991). Most 
catfish possess an air-breathing capacity (Graham, 2011; Lefevre et al., 2011) that 
allows fish to withstand low levels of dissolved oxygen in water at certain times of the 
year.  
The natural range of P. hypophthalmus is limited to the lower Mekong River Basin 
(MRB), a region that includes Cambodia, Lao PDR, Thailand and Vietnam, but natural 
populations also occur in the Chao Phraya River drainage in Thailand (Fishbase, 2014; 
Roberts and Vidthayanon, 1991). Across their natural range in the Mekong River, tra 
catfish have been characterised into two discrete populations: wild populations in the 
Mekong River in Cambodia and Vietnam belong to a single stock (southern); and 
populations above the Khone Falls in Lao PDR and Thailand are recognised as a 
separate stock (northern). The southern stock is subject to more intensive fishing 
pressure than is the northern stock, and the southern stock is also larger in size (Thuong, 
2008). Tra catfish are now seldom caught in the wild while the maximum size of fish 
reared in ponds reaches 6-7kg and 80 cm standard length. Tra catfish prefer deep and 
flowing water, and therefore, farming areas are mostly along the branches of the 
Mekong River banks and also in large canals.  
In the MRD, the capture of wild tra catfish seed for aquaculture stocking has been 
entirely replaced by the stocking of hatchery-produced seed (see Figure 1-2). Mature 
broodstock are induced to spawn in hatcheries using HCG (Human chorionic 
gonadotropin) or combination of HCG and pituitary gland extract. Broodstock are 
spawned in single pairs or in larger numbers and are usually dry stripped. The eggs are 
incubated in conical shaped jars made either of stainless steel or glass, with up-welling 
water flow to keep the eggs in suspension. Depending on water temperature, the eggs 
hatch usually within 22-24 hours. Yolk sac absorption takes a further 24 hours. The 
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larvae are transferred from the hatchery just prior to full yolk sac absorption (Griffiths et 
al., 2010) 
 
Figure 1-2. Production cycle of P. hypophthalmus (Griffiths et al., 2010) 
2.2. Tra catfish farming industry 
Tra catfish is now the most widely traded fish product around the world and 
currently all production comes from a single region in the Mekong River Delta (MRD) 
in the south of Vietnam (De Silva and Phuong, 2011). Total production of farmed tra 
catfish in 2013 reached 1.35 million tonnes (GlobeFish, 2014) with fish exported to 136 
countries on most continents producing an estimated export income of US$ 1.4 billion 
(De Silva and Phuong, 2011) (Figure 1-3). Tra catfish play a very important and 
significant role in the Vietnam aquaculture sector that now accounts for more than 50% 
of total aquaculture production (Phuong and Oanh, 2010). The catfish culture industry 
also provides direct employment to more than 180,000 people in Vietnam, with the 
great bulk of these being women, primarily engaged in the processing sector (De Silva 
and Phuong, 2011; Phuong and Oanh, 2010). Recent studies reviewed by Phan et al. 
(2009) showed that over 90% of farmed tra catfish are processed within Vietnam and 
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are sold as valued-added product, globally. The success of the tra catfish industry has 
been attributed to four main factors that include rapid establishment of seed production 
and culture techniques, establishment and expansion of export markets, development of 
feed and processing infrastructure, and supportive policies provided by the Vietnamese 
government. 
 
Figure 1-3. Tra catfish markets and export volume (Phuong and Oanh, 2010) 
Tra catfish fillet contains a relatively high concentration of eicosapentaenoic acid 
(20:5n-3, EPA) and docosahexaenoic acid (22:6n-3, DHA) (Domiszewski et al., 2011; 
Men et al., 2005), fatty acids that have been identified as enhancing brain development 
and learning in children, while protecting vision and promoting eye health (Kwak et al., 
2012). Tra catfish from Vietnam has also rapidly become a standard “white fish” and an 
alternate to more higher value species in much of the western world, and its 
acceptability and popularity has grown rapidly (Phan et al., 2009). The main export 
markets for Vietnamese catfish include;  the EU, Russia, Ukraine, Asia, and the USA 
(GlobeFish, 2011).  
As a consequence of the growing importance of tra catfish as an export product, 
many sectors of Vietnamese society have participated in development of catfish farming 
in the south of Vietnam. Following development of successful artificial propagation 
techniques for catfish, the industry has expanded rapidly (Cacot et al., 2002). This 
development has enabled traditional small scale aquaculture practices, that once 
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depended on wild caught seed, to shift to more intensive production systems that now 
rely entirely on hatchery-produced seed (Ha et al., 2009; Phuong and Oanh, 2010; Sinh, 
2007).  
Over the last decade therefore, farming of tra catfish has expanded rapidly, and 
pond culture has become the dominant practice because this approach achieves the best 
growth rates, flesh quality and appearance and hence increases value and acceptability 
in international markets (Phan et al., 2009).  The main catfish farming areas in the MRD 
are largely concentrated in freshwater regions of the river basin that include; An Giang, 
Dong Thap, Vinh Long and Can Tho provinces in the south of Vietnam (Figure 1-5). 
From 2000-2004, most commercial tra catfish production came from fish cultured in 
cages or pens set along the Mekong River with the grow out process taking seven to 
eight months to reach standard size and quality for fillet processing. More recently, the 
preferred rearing method has been pond culture. Catfish are now cultured approximately 
for only five to six months in ponds to reach commercial export standard size and this 
practice is preferred because it results in better growth rates, lower fish mortality and 
less frequent disease outbreaks. Overall, economic efficiency of this system therefore, is 
superior compared with cage or fence culture (Phuong and Oanh, 2010). 95% of total tra 
catfish production is now practiced in ponds (Phan et al., 2009; Phuong and Oanh, 
2010) located along banks of the Mekong River and this relies on a plentiful water 
supply directly from the river itself (Phan et al., 2009) (Figure 1-4). 
  
Figure 1-4. Tra catfish culture in pond (left) and in cage under floating house (right). 
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Catfish culture is now a very significant industry in Vietnam that is central to 
development goals identified by the national government so any threat to this industry’s 
long-term sustainable growth is a major problem that requires attention. Major 
challenges in up-scaling the tra catfish industry in Vietnam have been considered which 
include disease, use of chemicals, environmental sustainability and continued quality of 
seed (Phuong and Oanh, 2010). Furthermore, the industry has recognised that it will 
face serious challenges in the near future given predicted impacts of climate change 
related to rising salinity and temperature levels.   
Nguyen (Nguyen, 2009) reported that genetic improvement projects on tra catfish 
have been undertaken in Vietnam since the beginning of this century, however the 
efficiency of these programs have been limited to selective breeding and production of 
hybrids for optimizing growth. In subsequent studies, molecular genetics methods have 
been employed to document genetic variation in the wild versus in culture to determine 
whether a sufficient genetic base exists in contemporary stocks for future selection 
programs (eg. microsatellite analyses Pangasianodon gigas, Ha et al. (2009) and Na-
Nakorn and Moeikum (2009)). It was generally found that there was no significant 
genetic differences between hatchery populations which had a relatively long 
domestication history and that seen in local wild populations. In another study, Sang et 
al. (2012) aimed to estimate heritabilities of genetic and phenotypic correlations 
between body size and fillet quality straits in tra catfish (P. hypophthalmus). They found 
that, based on genetic parameters and using a linear model, the fillet weight (the body 
weight) had a moderate positive genetic correlation with fillet fat. As such, the selective 
breeding program was estimated to acquire a medium to high response for growth and a 
rather low genetic response for fillet yield, respectively. These studies provide support 
for the idea that sufficient genetic variation currently exists within hatchery stocks that 
may allow for adaptation to changed environments brought about through climate 
change. 
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Figure 1-5. Distribution of tra catfish farming in the Mekong Delta, Vietnam.( ) Main 
catfish culture provinces; ( ) newly developed catfish provinces; ( ) main nursery 
locations; ( ) main hatchery locations (De Silva and Phuong, 2011). 
3. Climate change and predicted impacts on aquaculture 
The Swedish scientist Svante Arrhenius (1896) was the first person to express 
concerns about possible climate effects associated with increasing concentrations of 
carbon dioxide in the earth’s atmosphere. He recognised that greenhouse gases 
including carbon dioxide, trap outgoing radiation in space that when reradiated, can 
cause warming of the earth’s surface. His concerns now appear justified, as in recent 
decades, concern over global warming has grown rapidly. The amount of carbon 
dioxide in the atmosphere has increased by approximately 31% since the beginning of 
the industrial revolution, mainly because of the combined effects of fossil fuel 
combustion and loss of natural forest cover (Lovejoy and Hannah, 2005). 
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Figure 1-6. Relative vulnerability of coastal delta by indicative population potentially 
impact by sea level rise to 2050 (IPCC, 2007) 
Barange and Perry (2009) have identified that sea levels are rising globally at an 
increasing rate, a process that will affect in particular Asian megadelta rivers and large 
areas of low-lying coastal areas (Figure 1-6). Climate change effects on marine and 
inland ecosystems are in addition to changes to land-use that include changes to 
sediment loads, water flow regimes and physico-chemical impacts (eg. hypoxia, 
stratification and salinity changes). The consequences of these processes are considered 
to be complex and can influence aquatic community composition, productivity and 
seasonality processes of both plankton and fish populations (Barange and Perry, 2009; 
Cochrane et al., 2009). Many studies also have been carried out to evaluate effects of 
rising temperatures (Imsland et al., 2007; Imsland et al., 2001; Kemp, 2009; Pörtner et 
al., 2001; Somero and Hochachka, 1968; Wright and Tobin, 2011), salinity levels 
(Sampaio et al., 2002; Tandler et al., 1995; Tipsmark et al., 2004) and the interaction 
between temperature and salinity (Imsland et al., 2007; Imsland et al., 2001; Kemp, 
2009) on fishes. These studies have all concluded that most fish can acclimate to some 
changes but that significant changes may negatively affect fish growth rates, survival 
rates and produce undesirable changes in physiological responses.  
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Table 1-1. Predicted increase of temperature in the Mekong River (Mainuddin et al., 
2010) 
 
The MRD, a low topographic region in the south of Vietnam, is an area of 4.06 
million ha and is home to 17.3 million people (79% live in rural areas) (VGSO, 2012). 
The region is flat and low-lying with a maximum elevation of than less 4.0 m above 
mean sea level. It comprises a complex network of rivers and channels (Sebesvari et al., 
2011) and has a total freshwater area of 641,350 ha which accounts for 67.2% of the 
total water surface area in the region (Phuong and Oanh, 2010). The MRD has been 
predicted to be among the top three most seriously affected regions around the world 
that is likely to be impacted by predicted climate change (IPCC, 2007). This region is 
recognised as the most important rice and fish production region in Vietnam: potential 
impacts from climate change have been projected by reviewing the recent history of the 
region. Over a 10 year period from 2000 to 2010, that included the historical high flood 
of 2000 that was followed by a severe drought for four successive years, the delta 
experienced saline water intrusion into areas that had never before been impacted in this 
way. Predictions suggest that annual mean temperature across this region is likely to 
increase 0.6oC by 2030 (IPCC, 2007), and maximum water temperature in the lower 
Mekong River was predicted to increase to over 32oC by 2050 (Mainuddin et al., 2010) 
(Table 1-1). Sea levels are also predicted to rise up to 25 cm by 2030 and 75 cm by the 
end of the century (Hallegatte et al., 2009). With a one meter increase in sea level, 
approximately 1,000 km2 of cultivated land and farming area in the MRD are likely to 
become salt marshland, and 5,000 km2 of the Red River delta, and 15,000 –20,000 km2 
of the MRD are likely to be flooded by seawater, respectively (IPCC, 2007). If 
predictions are accurate, this is a major issue for a region that relies on freshwater for 
rice production and freshwater fish culture. Climate change will impact both activities, 
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in particularly, agriculture and aquaculture production because of changes in soil and 
water conditions (Sebesvari et al., 2011). In addition, pests and diseases are likely to 
increase in diversity and intensity (Coakley et al., 1999). Hence climate change is a 
major threat to this region. 
 
Figure 1-7. The areas affected by salinity intrusion in ‰ concentrations for the 2005 
baseline and the SLR +75 cm scenarios (Nguyen et al., 2014a) 
Numerous studies have been conducted to assess the predicted effects of climate 
change on multiple aspects of agriculture, aquaculture, fisheries, the economy, human 
society, as well as animal and plant diseases. Nguyen et al. (2014a) built a model that 
examined the effects of sea level rise (SLR) at three scenarios (+30, +50 and +75 cm) 
on the tra catfish culture industry (Figure 1-7) and concluded that at just SLR +50cm, 3-
m-flood level would spread downstream and threaten farms located in three provinces 
(An Giang, Dong Thap and Can Tho) that are major areas where tra catfish are farmed 
(Figure 1-5). Various studies have also recognised that the MRD is significantly 
vulnerable to SLR (and associated changes to salinity levels) and flooding (FAO, 2014). 
Another analysis confirmed that “aquaculture would be more vulnerable to climate 
change scenarios than capture fisheries” (FAO, 2014, p184), and this would impact 
equally both on intensive and extensive production systems. Nguyen et al. (2014a) 
concluded however, that adaptive strategies for the sector were feasible as our 
understanding of predicted climate change impacts grew. Furthermore, the genetic 
resources currently available in culture in the MRD (as discussed earlier) can 
accommodate selective breeding programs for climate change resistant strains. 
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4. Stress in fish 
4.1. Stress in fish 
Stress is a common characteristic of living organisms, and fish, like most 
organisms, have evolved a suite of defence mechanisms to protect themselves from 
stimuli that pose a challenge to the maintenance of their homeostatic equilibrium. A key 
component of the stress response is a reallocation of energy away from nonessential 
physiological functions and toward activities that contribute to restoration of 
homeostasis (Fuzzen et al., 2011). 
Stress responses in teleost fish show many similarities to that of their terrestrial 
vertebrate counterparts. These concern the principal messengers in the brain-
sympathetic-chromaffin cell axis (equivalent to the brain-sympathetic-adrenal medulla 
axis) and the brain-pituitary-interrenal axis (equivalent to the brain-pituitary-adrenal 
axis), as well as their functions, involving stimulation of oxygen uptake and transfer and 
mobilization of energy substrates, reallocation of energy away from growth and 
reproduction, and suppressive effects on immune functions. There is also growing 
evidence for complex interactions between the neuroendocrine and immune systems in 
fish (Wendelaar-Bonga, 2011). Conspicuous differences exist however, and these are 
primarily related to the aquatic environment they experience (Wendelaar-Bonga, 1997). 
Wendelaar-Bonga (2011) reported that stressors increase the permeability of surface 
epithelia, including the gills, to water and ions and thus can induce systemic 
hydromineral disturbances. In fish, the stress hormone cortisol combines both 
glucocorticoid and mineralocorticoid activities, with the latter being essential for 
restoration of hydromineral homeostasis, in concert with other hormones including 
prolactin (in freshwater) and growth hormone (in seawater). In addition, fish are 
exposed to aquatic pollutants via the extensive and delicate respiratory surface of the 
gills and, in sea water, also via drinking (McCormick and Bradshaw, 2006; McCormick, 
2001; Wendelaar-Bonga, 1997).   
Identification of stress in fish under field, aquaculture, or laboratory conditions 
however, can be complicated (Wendelaar-Bonga, 1997). Although stress represents a 
complex, dynamic process, stages of stress are often categorised for simplicity. If 
stressors, (a stimulus that provokes a stress response (Pasnik et al., 2010)), are present 
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or become intensified, fish may show initial behavioural changes followed by primary, 
secondary and/or tertiary stress responses (Barton, 2002).  
The primary stress response to perception of a stressor includes the state of alarm 
in the brain leading to the release of primary stress hormones. Key brain areas involved 
in the integration of the response are the pallial areas of the telencephalon that are 
considered teleost homologs of the mammalian hippocampus, and the brain stem. 
Central brain monoamines are implicated in stress reception with a prominent role 
argued for serotonin. Messages result in release of catecholamine and cortisol that leave 
the brain via two major routes, sympathetic nerves and via the pituitary gland 
(Wendelaar-Bonga, 2011).  
Secondary responses that result from changes in catecholamine and cortisol levels 
include changes in plasma and tissue ion and metabolite levels, hematological changes, 
and release of heat shock and/or stress proteins (HSPs), all of which contribute to 
physiological adjustments relating to metabolism, respiration, acid-base status, 
hydromineral balance, immune function and cellular responses. Together these impact 
whole-animal performance including changes to growth, condition, overall resistance to 
disease, metabolic scope for activity, behaviour, and ultimately this can affect their 
survival (Barton, 2002). The main function of adrenaline is rapid mobilization of energy 
to facilitate an immediate response by the animal (‘fight or flight’). Adrenaline further 
stimulates breakdown of glycogen (glycogenolysis) in the liver, leading to a rapid rise 
in blood glucose, that is the primary energy substrate for fish and that is needed by the 
brain and muscles during stress, in particular (Wendelaar-Bonga, 2011). 
In the first phase of the acute stress response, the actions of cortisol are less 
prominent than those of adrenaline (Wendelaar-Bonga, 2011). Release of cortisol in 
teleosts and other bony fishes is delayed relative to catecholamine release, i.e. release of 
adrenalin. Cortisol is the final messenger of the hyphothalamic-pituitary-interrenal 
(HPI) axis, and the key messenger between the brain and the endocrine system during 
the stress response is corticotrophin-releasing factor (CRF), that is produced by 
neurones in the preoptic nuclei of the hypothalamus. CRF stimulates the release of 
adrenocorticotropin hormone (ACTH) from the pituitary gland. ACTH is the major 
stimulant during stress in interrenal cells for synthesis and release of cortisol 
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(Wendelaar-Bonga, 2011). This process takes time however, from acute stress 
recognition to a response (Pankhurst et al., 1997; Wendelaar-Bonga, 2011) (Figure 1-8).  
The most important functions of cortisol during stress concern reallocation of 
energy away from long-term investment in growth and reproduction toward activities 
directed at immediate survival. A second important function concerns repair of the 
hydromineral disturbance that accompanies stress in fish. Thus, in fish, cortisol 
functions both as a glucocorticoid (GR) as well as a mineralocorticoid (MR) hormone 
(Colombe et al., 2000). In terrestrial vertebrates, in contrast, the control of these two 
functions are separated, with corticosterone or cortisol (depending on the species) as the 
GR, and aldosterone acting as the MR hormones, respectively (Raven et al., 2009; 
Wendelaar-Bonga, 2011). Cortisol was also confirmed as an innate, short term immune 
stimulator while another mineralocorticoid, 11- deoxycorticosterone (DOC) has been 
shown recently to play a role in osmoregulation and stress in different species such as 
rainbow trout or Eurasian perch (Mathieu et al., 2013). In studies on jawed vertebrates, 
DOC was 10x more effective than cortisol in activating mineralocorticoid receptors, 
hence, DOC was consider as an important role in fish osmoregulation (Pippal et al., 
2011; Stolte et al., 2008). However, function and the effective pathway of DOC are 
quite poorly understood while the role of cortisol in physiological responses are well 
documented.  Furthermore, McCormick et al. (2008) found that DOC and aldosterone 
has no effect on either NKA or salinity tolerance, while in in vitro condition, NKA was 
upregulated by cortisol in response to fresh water or seawater acclimation.  
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Figure 1-8. Generalized time course of blood plasma levels of adrenaline (A), cortisol 
(C), and glucose (G) following confrontation with an acute stressor (based on 
observations in carp, Cyprinus carpio) (Wendelaar-Bonga, 2011). 
If an animal can cope efficiently with a stressor via acclimation, or if the stressor is 
of short duration, homeostasis can be restored without serious consequences for the 
animal. The effect in fact, can improve performance in the future, such as by improving 
predator avoidance capacity or increasing disease resistance (Barton et al., 2002). This 
process can make individuals more resistant to the same or a similar type of stressor, 
and this constitutes  the adaptive, biological function of the stress response (Wendelaar-
Bonga, 2011). Stress can affect many physiological processes in fish. Under stressful 
conditions, likely impacts will be on normal reproductive processes (Barton et al., 2002; 
Billard et al., 1981; Fuzzen et al., 2011; Pankhurst et al., 1997; Schreck et al., 2001; 
Tilbrook et al., 2000), metabolism (Barton et al., 2002; Peña-Llopis et al., 2003), growth 
(Pickering, 1993) and other physiological processes (Barton and Iwama, 1991; Roche 
and Bogé, 1996). 
In a review, Boeuf & Payan (2001) reported that fish depend on both (i) internal 
factors including nervous, endocrinological and neuroendocrinological factors, and (ii) 
ecological factors, to control or synchronize chains of activities or functions, including 
growth capacity. It is possible to classify such external factors into two types: (1) 
determining factors (temperature, salinity, photoperiod) with a direct effect on 
increasing or decreasing growth rate; and (2) inhibiting factors, that operate above (eg. 
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ammonia) or below (eg. oxygen) a specific threshold or within a tolerance range (eg. 
pH) (Boeuf and Payan, 2001). 
 
Figure 1-9. Energy budget of fish in normal or in stressful condition (Tort, 2011) 
Normally, the energy budget of fish is partitioned into 5 parts (Figure 1-9). After 
removing basic metabolic rate, fish in normal conditions allocate the majority of energy 
to growth. And under reproduction conditions, most energy from food is directed away 
from growth and used for reproduction. Fish subject to stress require more energy to 
maintain growth and/or reproduction (Tort, 2011). In aquaculture, all farmers would 
wish to have high growth rate ponds requiring the minimum amount of feed (usually the 
most expensive component of fish farming) (Bosma et al., 2009); removing stressors 
and minimising stress levels can lead to increase productivity.   
Growth inhibition has been reported to result from physical, social, and/or chemical 
stressors, including rapid temperature and salinity changes, capture and handling, 
crowding, and the effects of many kinds of pollutants, among which low pH, 
aluminium, heavy metals and organic chemicals have all been implicated (Wendelaar-
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Bonga, 1997). A decline in appetite and reduced food intake has been also observed in 
many studies on stressed fish and this is considered to be one of the main causes of 
growth suppression (Wendelaar-Bonga, 1997). In addition, stress is typically associated 
with a rise in metabolic rate (Barton and Iwama, 1991). An increased metabolic rate is 
reflected in higher respiratory rates and increased oxygen consumption. Studies of coho 
salmon have reported a 20% increase in respiratory rate and a 8-16% reduction in 
growth rate in stressed  animals (Vaughan et al., 1982). Fluctuations of temperature and 
salinity in the natural environment of fish are common abiotic stressors and so many 
studies have been conducted to try to understand the roles and effects of temperature 
and salinity change on stress levels in fish. 
4.2. Effects of salinity on fish 
Fish are unique among vertebrates in that their body fluids directly contact the 
environmental water across thin respiratory epithelia. Body fluid homeostasis at 
different salinity levels can in theory, be maintained by dietary uptake and 
osmoregulatory organ activities. These are processes regulated and integrated by 
hormones, including some from the brain (Takei and Balment, 2009). An ability to 
regulate body fluids independently of the external environment, both in freshwater and 
seawater is essential for fish survival. Most species are restricted to one or the other 
medium (stenohaline) but some exhibit extreme plasticity in their osmoregulatory 
capacity and can disperse between the two media (euryhaline) (Takei and Balment, 
2009). 
 
Figure 1-10. Schematic representation of osmoregulation in freshwater fish (Evans, 
2011). 
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In freshwater fish, the major challenge to maintaining osmoregulatory homeostasis 
is the need to maintain extracellular fluid composition and volume in the face of 
continuous osmotic gain of water from a very dilute medium, coupled with a steady 
diffusive loss of major fluid ions including Na+ and Cl-  (Evans, 2011) (Figure 1-10). 
One method for preventing loss of ions is to excrete excess water via filtration of the 
blood by the glomerular kidney and tubular reabsorption of ions and other solutes to 
produce large volumes of dilute urine. This process is often supported by the ion re-
absorptive capacity of the teleost fish urinary bladder. Ion losses can be also balanced 
via dietary intake and gut absorption but this has rarely been quantified and would limit 
osmoregulation during periods of low food availability (Evans, 2011). Active uptake is 
thought to be facilitated by H+-ATPase with the synergistic action of Na/K-ATPase 
(Evans, 2011; Perry and Fryer, 1997; Takei and Balment, 2009). 
Fish in seawater in contrast, have to maintain a body fluid composition close to, but 
slightly higher than that of freshwater species, at around 300-400 mOsm/kg. Seawater 
consists of dissolved salts in water, that represent 60 of the 92 basic chemical elements 
(Riley, 1965). Chloride and sodium are the most important in normal sea water. While 
seawater has identified elements, the composition of freshwater can significantly vary 
and it is not deionised (Boeuf and Payan, 2001). Some fish are known for their ability to 
acclimate to different salinities including even extreme levels (>100 ‰), while some are 
not able to acclimate and, if they survive, do not grow normally (Boeuf and Payan, 
2001; Evans, 2011). Seawater fish are considerably hypotonic to the surrounding 
seawater, approximately from 700 to over 1000 mOsm/kg, and thus experience osmotic 
water loss continuously to the external medium. To restore lost water, marine fish have 
to drink more; this leads to a very large salt load for the body (Figure 1-11). Many 
studies have confirmed that it is the branchial mitochondria-rich cells (MRCs) in the 
skin and gill epithelia that are responsible for active secretion of excess Na+ and Cl- ions 
by fish in seawater. This involves the cooperative actions of three ion transporters: 
basolaterally located Na/K‐ATPase and Na/K/2Cl co-transporter (NKCC) and an 
apical cystic fibrosis transmembrane regulator (CFTR) ‐type Cl channel (Evans, 2011; 
Evans et al., 2005; Raven et al., 2009).  
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Figure 1-11. Schematic representation of osmoregulation in marine fish (Evans, 2011). 
Balancing osmotic pressure is a high energy cost activity for marine fish and 
research has shown that 20-50% of their total energy budget is dedicated to 
osmoregulation, although some studies show that the energy budget is only 10% 
approximately (Boeuf and Payan, 2001). There are conflicting reports in the literature 
concerning metabolic rate and growth in fish. In research on marine fish (e.g. juvenile 
black bream Acanthopagrus butcheri), Partridge & Jenkins (2002) reported that fish 
under osmostic stress were able to survive and grow at salinities ranging from 
freshwater to 48‰, but individuals reared at 24‰ showed better growth and the highest 
food intake and best FCR. Boeuf and Payan (2001) reported that even in fish species 
with low metabolic rates, osmoregulation appears to demand a high proportion of 
available energy that ranges from 20 to >50% of total energy expenditure (roughly 100–
150 ml/h/kg O2) depending on the environmental salinity for striped mullet, Mugil 
cephalus, catfishes Ictlalurus punctatus and Ameiurus nebulosus, pupfish Cyprinodon 
variegatus, minnow Phoxinus erythrogaster and killifish Fundulus catenulatus, 
respectively. The same studies confirm however,  that total energy demand can also be 
as low as 10% (Boeuf and Payan, 2001).  
Apart from high energy demand for osmoregulation leading to effects on growth 
rate and metabolism, osmoregulatory requirements can also affect reproduction and 
larval development in artificial culture. Reports have shown that leopard grouper 
Mycteroperca rosacea eggs maintained at 32‰ salinity have the best hatching rates 
(Gracia-López et al., 2004). A slightly raised salinity concentration of about 2‰ was 
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suggested for rearing some freshwater fish larva,  a practice that allows Artemia nauplii 
to last longer and this results in faster fish growth rates (Jomori et al., 2012). In 
addition, salinities above 4‰ have been effective for rearing pacu larvae (Jomori et al., 
2012). Reports on other freshwater fish species exposed to raised salinities (up to 
10.5‰) however, have shown poorer growth rates in Cyprinus carpio fingerlings 
(Wang et al., 1997).  
The optimal salinity for growth in most freshwater teleost fish is normally lower 
than the isotonic concentration of their blood with the standard being approximately 9‰ 
(Wurts, 1995), but this can vary from 0.5 to 3‰ reported in catfish (Wyatt et al., 2006), 
5‰ in red drum Sciaenops ocellatus (Forsberg et al., 1996), and 9‰ in tra catfish P. 
hypophthalmus (Do and Tran, 2012). 
 The capacity of fish to acclimate under changing environmental conditions is 
mediated by their neuroendocrine system, that forms the primary link between external 
environmental change and physiological responses in osmoregulatory acclimation 
(McCormick, 2011). The most important hormones involved in osmoregulatory 
acclimation include; growth hormone/ Insulin like growth factor I (GH/IGF-I), cortisol, 
and prolactin (McCormick, 2011; Richman and Zaugg, 1987). Cortisol has been shown 
to increase the transcription and abundance of the major transport proteins involved in 
salt secretion in gill including Na+-K+-ATPase (NKA), Na+-K+-2Cl- cotransporter 
(NKCC) and cystic fibrosis transmembrane conductance regulator (CFTR) (Figure 1-
12). The effect of cortisol generally requires several days to reach a peak, suggesting 
that cell proliferation and differentiation are required for its complete action 
(McCormick, 2011). A clear effect of cortisol is to stimulate NKA activity, together 
with ion and water absorption improving acclimation to raised environmental salinity. 
An increased drinking response after transfer to seawater has also been observed in 
some salmonids treated with cortisol (McCormick, 2001).  
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Figure 1-12. Morphology, transport mechanisms, and hormonal control of teleost fish 
gill chloride cells exposed to either  freshwater or seawater (McCormick, 2001). 
While prolactin was demonstrated many years ago to be critical for maintenance of 
ion balance in teleost fish in freshwater, GH/IGF-1 has been more widely investigated. 
Prolactin has been shown to affect chloride cells, both by inhibiting the development of 
seawater chloride cells and promoting the morphology of ion uptake cells (McCormick, 
2011). Prolactin treatment also reduces ion and water permeability of the oesophagus 
and intestine, a response that normally occurs during acclimation to freshwater. While 
prolactin inhibits the formation of seawater chloride cells and promotes the 
development of freshwater chloride cells; GH/IGF-1 has been shown to increase the 
number and size of gill mitochondrion-rich cells as well as the abundance of NKA and 
NKCC (McCormick, 2011). The major route for osmoregulatory action of GH is via its 
capacity to increase circulating levels and local tissue production of IGF-1 that has been 
found to increase salinity tolerance in rainbow trout Oncorhynchus mykiss, Atlantic 
salmon Salmo salar, and killifish Fundulus heteroclitus by increasing gill NKA activity 
(McCormick, 2011).  
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4.3. Effects of temperature on fish 
Temperature plays an important role in the life of most ectotherms with their body 
temperature essentially following temperature of the surrounding environment 
(Wootton, 2011). The environmental temperature range experienced by any animal can 
have a major impact on survival, performance and reproduction, and this is a particular 
problem for ectotherms that have limited capacity to regulate their own body 
temperature. For most species in their normal temperature range, a slight increase in 
temperature is likely to be beneficial to growth because it results in more energy which 
leads to higher reaction rates for growth (Wootton, 2011). This is often due to how the 
molecular structure of mitochondria is affected by changes in temperature (Guderley, 
2004); within the normal tolerance range, the rate of biochemical processes roughly 
doubles for every 10oC increase in temperature (Boyd and Tucker, 1998).  
Temperature can also impact growth rate and feed conversion of freshwater fish 
(Sardella et al., 2004; Selong et al., 2001; Van Ham et al., 2003), affecting metabolism 
in aquatic animals. Increases in water temperature within the natural tolerance range can 
enhance metabolic activity and increase growth rates in fish, while lower temperatures 
generally reduce performance (Kemp, 2009) (Figure 1-13). During their evolution, each 
aquatic species has evolved to function best across a range of preferred temperatures, 
with most tropical fishes showing the best growth performance in temperatures that 
range from 25-32oC (Boyd and Tucker, 1998; Wright and Tobin, 2011) but the ways 
that individual species adapt to new temperature ranges however, can vary. A number of 
recent studies have investigated the ability of some fish to adapt to changes in mean 
temperature (Person-Le Ruyet et al., 2004) and have reported that molecular structure of 
mitochondria can be affected by mean temperature changes (Guderley, 2004). Other 
studies have reported close relationships between teleost fish and their environments. 
Most fish species possess a body temperature that is essentially the temperature of the 
surrounding water and as a consequence, temperature can affect both specific and 
nonspecific processes including immune defences (Le Morvan et al., 1998).  
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Figure 1-13. Thermal growth efficiency effect (Schulte, 2011). 
Experiments have been conducted to assess the relationship between growth rate 
and temperature in channel catfish (Ictalurus punctatus) (Buentello et al., 2000), Asian 
catfish (Clarias batrachus) (Singh and Lal, 2008), juvenile turbot (Scophthalmus 
maximus) (Imsland et al., 2007), silversides Odontesthes bonariensis (Carriquiriborde et 
al., 2009) and two rock pool fishes Caffrogobius caffer and Diplodus sargus (Kemp, 
2009). In general, it has been found that mean temperature has a close relationship with 
growth rate, metabolism and survival, especially during the juvenile phase. The 
regulatory mechanisms underlying the relationship between growth rate and 
temperature are likely related to enzymatic modulation of metabolic processes 
(Buentello et al., 2000). Growth rate in most warm water fish species increases with 
increasing temperature, to a value a few degrees below the upper lethal limit, provided 
food supply is not limited (Talbot, 1993). Ficke et al. (2007) observed that each species 
of fish has an optimal temperature range for growth performance; for warm water or 
fish in tropical regions in general, optimal temperature for growth ranges from 20 to 
32oC (Ficke et al., 2007; McLarney, 1998). Increase in rearing temperature can also 
increase some hematological parameters such as hematocrit of fish as seen in great 
sturgeon Huso huso (Zarejabad et al., 2010),  and red blood cell count and hemoglobin 
level in neotropical fish Prochilodus scrofa (Carvalho and Fernandes, 2006). 
Temperature is an environmental stressor where increases in temperature decrease 
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oxygen solubility in water (Cech and Brauner, 2011) and hence fish must respond by 
changing their hematological parameters. 
4.4. Effects of salinity and temperature interaction on teleost fish 
Effects of the interaction between salinity and temperature on fish growth 
performance, survival rates and associated physiological parameters are complex and 
are in general, poorly known (Imsland et al., 2001). Imsland et al. (2001) reported that 
growth and food conversion rate of juvenile turbot Scophthalmus maximus are affected 
by different temperature and salinity combinations that were highest at 15‰ and lowest 
at 33.5‰ in raised temperature treatments (22oC). Similarly, in juvenile spotted wolfish  
(Anarhichas minor), mean weight of fish raised at 10oC were significantly higher than 
at 7oC in all salinity levels after one month of rearing, and specific growth rate (SGR), 
overall, was significantly better at 10oC when fish were raised at 25 and 34‰ than at 
10oC with 15‰ and in all 7oC treatments (Magnussen et al., 2008). Imanpoor et al. 
(2012) investigated effects of different combinations of salinity (0, 6, and 12‰) and 
temperature (21, 27, 31oC) on goldfish growth performance and reported that the 
combination of 12‰ with 31oC had a negative effect on individual weight gain, SGR 
and final goldfish biomass. 
One study investigated rearing of juvenile turbot Scophthalmus maximus at 10, 14, 
18 and 22oC and 15, 25 and 33.5‰ and results showed that IGF-1 levels increased with 
increasing temperatures reaching around 18oC but both temperature, salinity and its 
interrelationship had a significant effect on growth, daily feed intake and feed 
conversion efficiency (Imsland et al., 2007). Similarly,   Likongwe et al (1996) found 
that temperature, salinity and their interaction had clear effects on Nile tilapia 
Oreochromis niloticus growth rates and in particular, food conversion efficiency that 
changed when temperature and salinity changed. In addition, a temperature range from 
28-32oC combined with an intermediate salinity environment (e.g. brackish, from 
6~12‰) can produce rapid growth in some freshwater fish including O. niloticus 
(Likongwe et al., 1996). Temperature and salinity have also been identified as important 
factors that can change responses in  a variety of  fish and crustacean taxa under the 
effects of environmental toxicity (Kwok and Leung, 2005; Lin and Chen, 2003). 
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5. Growth hormone and the growth hormone gene 
5.1. Growth hormone and Insulin like growth factor - 1 
Growth hormone (GH) is one of the earliest hormones to be identified more than 
90 years ago by Evans and Long (1922) as a somatic growth-promoting substance in 
pituitary extracts. It is only in the last 20 years however, that the molecular basis for this 
action has been established (Waters et al., 2006). Growth hormone is a pluripotent 
hormone produced by the pituitary gland in teleosts as in other vertebrates.  When this 
hormone binds to a single pass-transmembrane receptor, the GH receptor (GHR) in 
target tissue, it induces receptor dimerization producing an active trimetric complex 
(Reinecke et al., 2005). In fish, GH participates in almost all major physiological 
processes in the body including the regulation of ionic and osmotic balance 
(McCormick, 2001; Richman and Zaugg, 1987), lipid, protein and carbohydrate 
metabolism (Klein and Sheridan, 2008; Norbeck et al., 2007), skeletal and soft tissue 
growth (Reinecke et al., 2005), and impacts reproduction and immune function (Harris 
and Bird, 2000). Recent studies have also indicated that GH can affect several aspects of 
behaviour, including appetite, foraging behaviour, aggression, and predator avoidance, 
that in turn, have ecological consequences (Johnsson et al., 1996; Jönsson et al., 1998).  
Fish GH is a single chain protein of approximately 190-209 amino acids. GH and 
prolactin (PRL) were recognised as members of the same protein family many years ago 
(Pérez-Sánchez et al., 2002). Light is considered to be a determining factor that can 
adjust circannual rhythms by delaying and/or shortening periods of reduced growth. A 
growth-promoting effect of continuous light has been reported in salmonids fish 
maintained either in freshwater (Handeland and Stefansson, 2001) or seawater (Endal et 
al., 2000; Handeland et al., 2003) environments. Depending on photoperiod, plasma GH 
level can change seasonally. Plasma GH level in juvenile gilthead sea bream peaks in 
summer when day length is 14-15 hour (Mingarro et al., 2002). Many studies have also 
reported that GH secretion is not constant, but pulses and follows a diurnal rhythm 
(Björnsson et al., 2002). GH secretion can be quite variable and in some studies, a 
change in GH levels was shown to be linked to patterns of feeding and also depended 
on development phase of the animal (Björnsson et al., 2002; Reddy and Leatherland, 
1995).  
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The hypothalamus in the brain produces antagonistic polypeptides, growth 
hormone-releasing hormone (Ghrh) and growth hormone-inhibiting hormone, or 
somatostatin, that regulate GH secretion in the pituitary gland (see Figure 1-14). GH 
binds to its receptor in target organs mainly in the liver and stimulates synthesis and 
release of IGF-1. IGF-1 is involved in the regulation of protein, lipid, carbohydrate, and 
mineral metabolism in the cells, differentiation and proliferation of the cells, and 
ultimately body growth (Moriyama et al., 2000). A wide variety of tissues, including 
brain, muscle, kidney, gut or ovary/testis  also produce IGF-1 locally, although liver is 
the primary site of IGF-1 production (Moriyama et al., 2000; Reinecke, 2010a). IGF-1 
is involved in negative feedback of GH secretion by inhibiting Ghrh release in the 
hypothalamus and GH secretion in the pituitary gland. In contrast, IGF-1 also stimulates 
somatostatin secretion that inhibits GH release in the pituitary (Björnsson et al., 2002; 
Reinecke, 2010a). 
 
Figure 1-14. General scheme of endocrine regulation of growth (Moriyama et al., 2000) 
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GH has been established as a major activator of the IGF-1 system and it can 
stimulate IGF-1 gene expression in both the liver and other tissues in fish and also in 
mammals (Björnsson et al., 2002). While both IGF-1 and GH can stimulate growth rate 
in fish (Chauvigné et al., 2003; Gabillard et al., 2003), the role and the pathways for the 
two factors are quite complex and have not yet been resolved completely (Björnsson et 
al., 2002; Waters et al., 2006). IGF-1 is known to mediate some of the actions of GH 
such as during parr-smolt transformation and IGF-1 and GH must be present together to 
stimulate certain physiological reactions (e.g both GH and IGF-1 are correlated 
positively to NKA activity), and the processes cannot be activated if either are absent 
(Madsen et al., 1995; McCormick, 1996). The IGF system has been shown to play an 
important role in controlling animal development and growth and the system has three 
components that include ligands (IGF-1, IGF-2), receptors (type 1, type 2) and IGF-
binding proteins (IGFBPs) (Duan, 1997; LeRoith and Roberts, 2003).  
IGF-1 is a polypeptide of 70 amino acids and is one of a number of related IGFs 
present in the blood. Almost all (>95%) activated IGF is IGF-1. Many studies have also 
suggested that at least IGF-1 is substantially involved in regulation of growth, 
differentiation, and reproduction where it promotes mitogenesis and differentiation 
selectively and inhibits cell apoptosis (Reinecke, 2010b). GH from the anterior pituitary 
is the primary stimulus for the synthesis of IGF-1 and IGF-2, that are mainly produced 
in the liver (Reinecke, 2010b; Reinecke et al., 2005).  
5.2. Growth hormone gene 
As in mammals, the genomic organisation of GH genes in channel catfish and 
Cypriniformes, including common carp and grass carp, shows five exons and four 
introns (Reinecke, 2010b). There are a number of different ways in which GH release 
and GH gene transcription in fish is regulated. In a number of fish, gonadotropin 
releasing hormone (GnRH) stimulates GH release, but in others this hormone acts by 
increasing GH transcript levels (Melamed et al., 1998; Reinecke, 2010a). Under in vitro 
conditions, somatostatin, testosterone, and thyroxin are likely to affect growth hormone 
gene expression and thereby impact GH and IGF-1 levels in fish plasma. The GH gene 
in tra catfish (Genbank Accession No. M63713) consists of 603 bp and expression of 
this gene can change in relation to changes in certain abiotic factors including day-light 
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period (Björnsson, 1997), toxins (Carriquiriborde et al., 2009; Sinha et al., 2010), 
salinity (McCormick, 1996, 2011) and changes in hormonal factors controlled by 
negative feedback (Melamed et al., 1998). 
Other hormones such as reproductive hormone, thyroxin, and GH/IGF-1 itself also 
affect GH gene transcription in fish. Testosterone, a gonadal steroid, led to increase of 
GH mRNA levels when immature and mature goldfish were exposed for 15 hours at 
concentrations from 6.7 nM to 16.7 M (Huggard et al., 1996). However, in in vitro 
condition, in cells of some fish such as tilapia or rainbow trout, no change was noted in 
the GH mRNA levels. The thyroid gland with thyroxin (T3 and T4) has also been 
suggested to increase GH synthesis through direct stimulation of GH gene transcription 
(Melamed et al., 1998). GH and IGF-1 act as a negative feedback on both release and 
synthesis of GH in the mammalian pituitary, and in fish, this related feedback is more 
complicated (Melamed et al., 1998).  
6. Objectives of the current research 
Climate change and global warming are real and growing challenges for all human 
societies on all continents. Global warming and its effects on agriculture, aquaculture 
and wildlife require urgent attention. Vietnam, in particularly the Mekong Delta, is a 
region likely to be significantly affected by global change and in particular the long 
term viability of the tra catfish culture industry is under a significant threat there. While 
a number of studies have investigated nutrition, biochemistry, and physiology of tra 
catfish and there has been some work on the species’ general biology, the current study 
is the first to investigate potential impacts of predicted increases in environmental 
salinity and temperature associated with climate change effects and global warming this 
century. Given the importance of tra catfish to the prosperity of the Mekong Delta 
region, and predictions of changes to the local environment across this region due to 
climate change effects, it is timely to explore the impacts of temperature and salinity 
changes on growth and survival in this important species. 
The current study investigated the potential effects on growth performance of tra 
catfish of climate change, specifically with respect to hypothesised increases in 
temperature and salinity in the MRD. As a by-product of this research, it was also hoped 
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that optimal farming conditions would be identified that would be of significant and 
immediate benefit to fish farmers wishing to improve tra catfish culture.  Therefore, this 
study provides scientific data that will underpin appropriate strategic planning for 
sustainable development for this industry into the future.    
The specific objectives of the current study include: 
- To assess the effects of environmental sublethal salinity on growth 
performance, physiological responses, hormonal secretion and growth hormone 
gene expression in tra catfish.  
- To assess the effects of increases in environmental sublethal water temperature 
on growth rate and growth hormone gene expression in cultured tra catfish 
stocks. 
- To assess potential interactions between effects of increased mean water 
temperature and changes in mean salinity on growth rate and growth hormone 
gene expression in cultured tra catfish stocks. 
- To evaluate the extent that catfish can acclimate and modify their 
osmoregulation, growth rate and GH gene expression to address predicted 
changes in temperature and salinity in culture environments in the future.  
Account of research progress linking the research papers: 
This thesis was designed as a set of stand-alone scientific papers to be published 
independently before they were integrated into a comprehensive thesis to address the 
overall aim that was to assess the effects of predicted climate change in the Mekong 
Delta, Vietnam. Other important data which were not included in the 
papers/manuscripts are also provided in the last section of each paper chapter as 
Supplementary Material. At the time of submission of the thesis, the status of the 
research papers are as follow:  
Paper 1: Experimental assessment of the effects of sublethal salinities on growth 
performance and stress in cultured tra catfish (Pangasianodon hypophthalmus) 
(Published in Fish Physiology and Biochemistry, Vol 40, 2014, doi: 10.1007/s10695-
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014-9972-1). This is a part of the results from the first trial in the study that assessed the 
effects of raised salinity levels on tra catfish. These data are presented in Chapter 2.  
Paper 2: Effects of temperature on growth performance, hematological parameters 
and plasma IGF-1 level of tra catfish (Pangasianodon hypophthalmus) (Journal of 
Thermal Biology, in review). This forms part of the results from the 2nd trial in the study 
that assessed the effects of temperature on tra catfish. These data are presented in 
Chapter 3. 
Paper 3: Effects of sublethal salinity, temperature levels and their interaction on 
growth performance, hematological and hormonal levels in tra catfish (Pangasianodon 
hypophthalmus) (Aquaculture, in review). This forms part of the results from trial 3 in 
the study that assessed effects of temperature, salinity and their interaction on tra 
catfish. These data are presented in Chapter 4. 
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Chapter 2.  Experimental assessment of the effects of sublethal salinities on 
growth performance and stress in cultured tra catfish (Pangasianodon 
hypophthalmus) 
- Oral presentation at the 2012 International Fisheries Symposium- IFS 2012 
‘Sharing Knowledge for Sustainable Development of Aquaculture and Fisheries in 
Southeast Asia’ – 6-8th December, 2012 – Can Tho City – Viet Nam. 
- Published in Fish Physiology and Biochemistry (2014). Fish Physiology and 
Biochemistry, Vol 40, 1839-1848.  
DOI: http://link.springer.com/article/10.1007/s10695-014-9972-1 
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Preface to Chapter 2  
The current experiment was conducted to evaluate effects of sublethal salinity on 
growth performance, and stress responses of tra catfish. This first trial not only 
examined changes in growth rates of fish exposed to different sublethal salinity 
conditions, but also assessed changes in plasma glucose, plasma ion (Na+, K+), plasma 
osmotic pressure, cortisol and growth hormone concentrations across a 56 day 
experimental period. Brain tissue was also collected in this trial for gene expression 
studies. The published paper was restricted to presentation of only growth performance, 
cortisol levels, glucose concentrations and osmotic pressures data; however unpublished 
data on plasma ions, growth hormone levels and gene expression are provided at the end 
of the chapter as Supplementary Material.   
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Experimental assessment of the effects of sublethal salinities on growth 
performance and stress in cultured tra catfish (Pangasianodon hypophthalmus) 
 
Phuc Trong Hong Nguyen1,2,* • Huong Thi Thanh Do2 • Peter B. Mather1 • David A. 
Hurwood1 
1Earth, Environmental and Biological Sciences, Science and Engineering Faculty, 
Queensland University of Technology, Brisbane, Queensland 4001, Australia. 
2Faculty of Aquaculture and Fisheries, Can Tho University, Can Tho, Vietnam. 
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Abstract  
The effects of a range of different sublethal salinities were assessed on 
physiological processes and growth performance in the freshwater ‘tra’ catfish 
(Pangasianodon hypophthalmus) juveniles over an 8-week experiment. Fish were 
distributed randomly among 6 salinity treatments [2, 6, 10, 14 and 18‰ of salinity and a 
control (0‰)] with a subsequent 13-day period of acclimation. Low salinity conditions 
from 2 to 10‰ provided optimal conditions with high survival and good growth 
performance, while 0‰ and salinities >14‰ gave poorer survival rates (p < 0.05). 
Salinity levels from freshwater to 10‰ did not have any negative effects on fish weight 
gain, daily weight gain, or specific growth rate. Food conversion ratio, however, was 
lowest in the control treatment (p < 0.05) and highest at the maximum salinities tested 
(18‰ treatment). Cortisol levels were elevated in the 14 and 18‰ treatments after 6 h 
and reached a peak after 24-h exposure, and this also led to increases in plasma glucose 
concentration. After 14 days, surviving fish in all treatments appeared to have 
acclimated to their respective conditions with cortisol levels remaining under 5 ng/mL 
with glucose concentrations stable. Tra catfish do not appear to be efficient 
osmoregulators when salinity levels exceed 10‰, and at raised salinity levels, growth 
performance is compromised. In general, results of this study confirm that providing 
culture environments in the Mekong River Basin do not exceed 10‰ salinity and that 
cultured tra catfish can continue to perform well. 
Keywords: Tra catfish, salinity, cortisol, stress, climate change. 
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Introduction 
Tra catfish (Pangasianodon hypophthalmus) is currently the most important 
freshwater indigenous teleost in the aquaculture sector in the Mekong Delta, Vietnam. 
Advantages associated with optimal climatic conditions, a complex network of rivers 
and channels across the Mekong Delta and the development of efficient seed production 
technology, have allowed tra catfish culture to develop rapidly in the Mekong Delta, 
and this has contributed significantly to local development and employment growth 
(Phuong and Oanh, 2010). Total production of tra catfish in 2010 reached 1.14 million 
tonnes with fish exported to 136 countries on most continents producing an estimated 
export income of US$ 1.4 billion (De Silva and Phuong, 2011). The catfish culture 
industry also provides direct employment to more than 180,000 people in Vietnam, with 
the vast majority of these being women, primarily engaged in the processing sector (De 
Silva and Phuong, 2011). 
Significant effects of climate change, however, have been predicted for the 
Mekong Delta, a region that covers an area of 4.06 million ha with a population of 17.3 
million people (79% living in rural areas) (VGSO, 2012). This region is one of three 
extensive low topographical regions in Vietnam that has been predicted to be impacted 
by sea-level rises this century (IPCC, 2007). If sea-level rise occurs as predicted, the tra 
catfish industry in Vietnam is likely to be severely impacted because the region is flat 
and low lying with a maximum elevation of less than 4.0 m above mean sea level. The 
Mekong Delta comprises a complex network of rivers and channels (Sebesvari et al., 
2011) and has a total freshwater area of 641,350 ha encompassing 67.2% of the total 
water surface area across the region (Phuong and Oanh, 2010). If predictions of future 
climate change of this century are realised, a 1-m increase in mean sea level will result 
in approximately 1,000 km2of cultivated land and farming area in Vietnam becoming 
salt marshland, and 15,000–20,000 km2 of the Mekong Delta is likely to be flooded by 
seawater (i.e. up to 30‰) (IPCC, 2007) . Tra catfish are cultured in freshwater ponds 
along the Mekong River. This is the most effective system because of the current 
availability of abundant freshwater resources directly from the river (Phuong and Oanh, 
2010). Increasing salinisation of freshwater areas will, as a consequence, impact the 
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large local freshwater aquaculture industry, in particular tra catfish culture, as a result of 
changes to both soil and local freshwater resources (Sebesvari et al., 2011). 
Stress is a common physiological response in most organisms to unfavourable 
conditions or noxious stimuli. When animals perceive unfavourable changes to their 
natural habitats, they activate a suite of defence mechanisms and often divert energy in 
their body away from growth to counteract the new environmental conditions in an 
attempt to maintain their homoeostatic equilibrium (Fuzzen et al., 2011). Fish are, to a 
large extent, protected from changes to their external environment because their tissues 
are partitioned off from the environment by a thin skin with mucus secreted outside the 
skin layer. Furthermore, individuals maintain homoeostatic equilibrium via a self-
regulating control system and a suite of homoeostatic mechanisms including the 
respiratory, digestive and urinary systems (Takei and Balment, 2009), but efficient ionic 
regulation has an associated large energy cost. Many studies have shown that between 
20 and 50 % of the total energy budget of teleost fish is dedicated to a specific common 
response under stressful conditions whereby they increase plasma cortisol levels to 
regulate their osmotic balance (Boeuf and Payan, 2001). 
In the current study, we examined the response of replicate cohorts of juvenile tra 
catfish (P. hypophthalmus) to a range of sublethal environmental salinity levels that 
reflect predictions of climate change effects on mean sea levels across the Mekong 
Delta region of Vietnam over the next 50–100 years. In order to predict potential effects 
of climate change on the industry, the aim of the study was to identify the salinity 
conditions that provide best growth and survival and to identify levels at which 
individuals will show stress responses and so divert energy away from growth to deal 
with osmotic stress. 
Materials and Methods 
Experimental system and animals 
P. hypophthalmus (Siluriformes: Pangasiidae) juveniles (15–20 g) were obtained 
from an artificial seed production centre located in Can Tho City, Vietnam. Individuals 
were maintained in freshwater tanks at the College of Aquaculture and Fisheries, Can 
Tho University, Can Tho City. Test individuals were acclimated for 2 weeks prior to 
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experimentation in 4000 L tanks (500 individuals per tank) in freshwater (0‰) at 27 °C 
(± 2 °C) equipped with a continuous supply of well-aerated water. Cohorts were fed 
commercial pellets (Aquafed-25 % protein, day = 2 mm) twice daily to satiation. After 
the acclimation period, 1,500 individuals were distributed randomly into six treatment 
groups (Control (0‰), 2, 6, 10, 14 and 18‰) with five replicate tanks set up per 
treatment; each tank contained 50 individuals (500 L capacity with 300 L water). All 
tanks were supplied with a continuous supply of well-aerated filtered water with 
temperature controlled at 27 ± 0.5 °C in the Wetlab-II aquaculture facility in the Faculty 
of Fisheries and Aquaculture, Can Tho University. All acclimation and salinity 
treatments were exposed to a 12h:12h photoperiod for the duration of experimentation. 
Salinity acclimation 
Individuals assigned to raised salinity treatments (2, 6, 10, 14 and 18‰) were 
acclimated gradually before the experiment commenced to their treatment condition by 
replacing water in each tank with saline water in a stepwise fashion, 2‰ per day until 
all tanks had reached their target salinities. For high salinity treatments (14 and 18‰), 
after reaching 10‰ of salinity, further increases were kept to 1‰ daily to prevent 
physiological shock to fish. Initiation of salinity acclimation was staggered so that all 
treatments reached their target concentrations at the same time. After reaching all target 
salinities, each tank was filled to 300/500 L capacity, with a density of one individual 
per 8 L of water. Tanks were covered in part with a dark net to reduce light so to reduce 
background stress on fish. 
Individuals in each tank were fed twice daily at 8–9 am and 3–4 pm using a 
commercial feed as described above. Feed for each tank was adjusted based on total 
weight and the number of fish remaining in each tank at the time of sampling. Fish were 
allowed to feed for 1 h after which any remaining feed pellets were counted so that the 
mean food intake per day per individual could be recorded based on the number of fish 
remaining in each tank. 
Salinity conditions were produced by dissolving deep sea water (85‰ seawater, 
from Bac Lieu, a coastal province) in tap water in 3000 L tanks corresponding to each 
salinity treatment. 60% of the culture water in each tank at the various salinities was 
replaced every 2 weeks. If waste had accumulated in tanks, however, tank bottoms were 
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siphoned of waste. Filters were cleaned every 48 h or when necessary to maintain water 
quality. 
Initial number, weight and mean length of all individuals in treatment tanks were 
recorded at 0 h. Over the experimental period, biochemical and hormonal data were 
collected from randomly sampled fish from each tank. Sampled individuals were not 
replaced to reduce stress on remaining individuals in the experimental tanks. At the end 
of the 56-day experimental period, all survivors were harvested for growth rate 
assessment and biochemical and hormonal analyses. All individuals in each tank were 
weighed, measured and killed humanely before appropriate tissue samples were taken 
for biochemical analyses. 
Growth performance was estimated per treatment as weight gain (WG), daily 
weight gain (DWG), specific growth rate (SGR) and food conversion ratio (FCR) based 
on the following standard formulae (Bandyopadhyay and Das Mohapatra, 2009; 
Fagbenro and Arowosoge, 1991; Wang et al., 2009): 
WG (g) = final mean weight – initial mean weight – total weight of dead fish 
DWG (g/day) = WG / total days of experiment 
SGR (%/day) = [ln (final weight) – ln (initial weight)] x 100/total days of 
experiment 
FCR (g/g) = [(weight of food/fish/day) x total days of feeding] / WG 
Water quality was checked daily using a YSI Professional plus metre assessing 
DO, NH3, pH and temperature. Salinity levels in tanks were checked daily using Atago 
Hand-Held Refractometers (2442- S/MILLE). Tank water samples were also collected 
and stored at the time of every sample collection to measure osmotic pressure. 
Collection of samples 
Data were collected from tanks at the following time intervals: 0, 6, 24 h, day 4, 
day 7, day 14, day 28 and day 56. Individual fish were sampled from tanks using a hand 
net. The head of each sampled individual was placed under a cold moist towel to reduce 
stress during handling (Snellgrove and Alexander, 2011). According to Grutter and 
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Pankhurst (2000), capture and handling time can have a significant effect on 
measurement of cortisol and glucose concentrations in fish blood plasma, so blood 
samples from the caudal vein were taken immediately within 5 min of sampling with 1-
mL heparin-coated syringes (Becker et al., 2012). Heparin-coated syringes were 
prepared under ice. Amount of sampled blood taken was at least 400 l, and individual 
blood samples were then transferred to 1.5-mL labelled tubes. Tubes containing blood 
were stored on ice before centrifugation. Fish were then euthanised by immersion in an 
ice slurry. 
Plasma analysis 
Blood samples were centrifuged for 15 min at 1000 g at 4 oC. Following this, 
plasma was separated and frozen and stored at 20 oC for later analysis. Plasma cortisol 
levels were determined using cortisol ELISA kits (CSB-E08487fh, Cusabio). Assay 
procedures were as per the manufacturer’s instructions. Glucose levels in plasma 
samples were quantified using a standard glucose assay (Huggett and Nixon, 1957). 
Osmolality levels were measured using a Fiske Associates Osmometer, Model 110. 
Statistical analysis 
To determine differences in growth performance, One-way ANOVAs using SPSS 
16.0 for Windows were applied individually to each performance indicator. 
Additionally, a two-way ANOVA was used to evaluate whether there was an interaction 
between treatment and sampling period for glucose and cortisol levels, as well as for 
osmotic pressure. The homogeneity of variance and normal distribution for each 
variable was tested using MINITAB 16.0, where data were not normally distributed and 
values were log10 transformed. Comparisons among treatment means were made using a 
Duncan Test applying a 95 % confidence interval. Standard curves for cortisol levels 
and glucose concentrations were built using Curve expert 1.3 software available from 
Cusabio  (http://www.curveexpert.net/download/). 
Results and Discussion 
The measured water quality parameters did not vary over the course of the 
experimental period or among salinity treatment. DO (6.33 ± 0.68 mg/L), pH (7.79 ± 
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0.33) and NH3 (0.074 ± 0.052 mg/L) accepted ideal culture conditions for tra catfish 
(Bosma et al., 2009). 
Growth performance 
Low to moderate salinity treatments from 2 to 10‰ showed the highest survival 
rates (p<0.05), although the 2 and 10‰ treatments did not differ significantly from 
either the control or 14‰ treatment. In contrast, the 18‰ treatment showed the lowest 
survival rate, 38.92 ± 24.22 % (P<0.05). Over the 56-day experimental period, mean 
weight gain was lowest (P<0.05) in the 18‰ treatment, follow by the 2, 6 and 14‰ 
treatments (Table 2-1). No significant differences in growth rate were observed between 
control, 2, 6 or 10‰ salinity treatments. Fish in these treatments showed an 
approximately weight gain four times greater in comparison with the 18‰ treatment 
over the trial period (Table 2-1). 
As all treatments were sampled at 56 days, the statistical significance of differences 
among daily weight gain (DWG) and specific growth rate (SGR) estimates reflected that 
seen in the WG analysis. In general, intermediate salinity conditions facilitated better 
performance across all indicators. In general, however, growth performance under in-
tank or cage conditions is usually always lower than that possible in standard pond 
grow-out conditions (Keys and Crocos, 2006; Phuong and Oanh, 2010) normally 
because of a lack of supplementary natural biota as food sources (Keys and Crocos, 
2006). This appeared to be the case in the current study because even the best SGRs 
observed (i.e. for 0 and 10‰) were lower in comparison with that possible under pond 
culture conditions where values of 2.38–2.60 %/day on different protein diets have been 
recorded (Ali et al., 2005). Conversely, FCR measurements were lower in our tank 
study in comparison with the normal levels achieved in the tra catfish industry in the 
south of Vietnam (Bosma et al., 2009), approximately 1.6–2.0 g/g. 
In some freshwater fishes, faster growth rates can be achieved at slightly raised 
salinities compared with 0‰ conditions (Boeuf and Payan, 2001). While in the current 
study, growth performance of the tra cohorts for control, 2, 6 and 10‰ salinity was not 
significantly different, survival rate under low salinity conditions (6‰) were 
significantly better than was evident in the control (0‰). This may result from 
increased resistance of fish to disease under low salinity condition or better prevention 
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of fungal and bacteria contamination of the culture water (Aihua and Buchmann, 2001; 
Plumb and Shoemaker, 1995; Waltman et al., 1986). In contrast, the poor relative 
survival at 18‰ was more likely a function of fish perceiving osmotic stress. A 
Mississippi commercial tilapia culture stock showed good survival in salinity regimes 
up to 10‰, but exhibited poor survival (5%) at 20‰ (Nugon Jr, 2003). Fashina-
Bombata and Busari (2003) examined the influence of salinity levels on developmental 
stages of African catfish Heterobranchus longifilis and found that salinity was an 
important environmental factor that affected development in this freshwater fish. 
Amount of food consumed per individual in our trial was generally not 
significantly different in any of the lower salinity treatments. The 14‰ treatment was 
significantly lower than the control, and the 18‰ treatment was significantly lower at 
about 0.16 g/day/fish (P<0.05) compared with all other treatments. Individuals in the 
18‰ treatment sometimes refused to eat or consumed only small amounts of food. 
According to Wendelaar-Bonga (2011), food intake and food conversion efficiency 
decline during stress. As a consequence, weight gain in this treatment was significantly 
lower (P<0.05) and FCR much higher (P<0.05), 4.14 ± 0.78 g to gain 1 g of body 
weight. This suggests that individuals in the 14 and 18‰ treatment have most likely 
diverted energy away from growth to other activities, in particular to deal with osmotic 
regulation (Tort, 2011). 
Fish in the control, 2, 6 and 10‰ treatments showed a roughly fourfold weight gain 
over the experimental period in comparison with survivors in the 18‰ treatment that 
essentially did not show any effective increase from their starting weights. Varsamos et 
al. (2005) reported that most freshwater fish need to regulate their blood osmolality in 
the 280–360 mOsm/kg range to maintain homoeostasis. Iso-osmotic salinity in 
freshwater fish normally ranges from ~10 to 12‰ (Varsamos et al., 2005). The culture 
environments in the control, 2 and 6‰ treatments were therefore hyposmotic to fish 
plasma that would tend to hydrate them. Tra catfish, like most teleosts, can limit ion and 
water exchange using barriers at the skin surface via scales and a mucus layer (Evans, 
2011) when they live in their natural environments. There is, however, an associated 
cost for this because they must use energy for osmoregulation to maintain their osmotic 
balance, in this case, in the range from 250 to 290 mOsm/kg (Table 2-2). The 14 and 
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18‰ treatments were both hyperosmotic to fish, and growth rates and survival rates 
were reduced as a consequence as fish obviously were stressed, and so energy was 
diverted from growth to osmoregulation. This would include producing a reduced 
volume of isotonic urine, a mechanism that has a high energy cost (Evans, 2011; 
McCormick, 2001; Varsamos et al., 2005). 
Osmoregulation 
All fish (excluding hagfishes) need to osmoregulate because they live in either 
freshwater (hyposmotic to fish plasma) or seawater (hyperosmotic to fish plasma) 
environments (Evans, 2011). Plasma osmotic pressure in tra catfish before salinity 
acclimation was 269.03 ± 16.70 mOsm (n = 30). Plasma osmotic pressure in the control, 
2, 6 and 10‰ treatments were 256.71 ± 22.43, 255.45 ± 15.66, 258.63 ± 10.23 and 
300.33 ± 30.02 mOsm/kg (n = 38–40), respectively, and levels were always 
hyperosmotic to their treatment environments (approximately 256-fold, 2.56-fold, 1.63-
fold and 1.03-fold, respectively) (Table 2-2). When individuals were exposed to the two 
highest tested salinities (14 and 18‰), individuals experienced hyperosmotic conditions 
relative to their own plasma. Mean osmotic pressure of individuals in the 14 and 18‰ 
treatments reached 330.57 ± 33.15 and 384.5 ± 39.68 mOsm/kg (n = 40), a ratio of 
0.85:1 and 0.78:1 with their environments, respectively. No significant differences were 
observed in osmotic pressures between controls or in the 2 or 6‰ treatments at all times 
during the experiment (comparison in row). The 14 and 18‰ treatments were always 
significantly above that experienced in the lower salinity treatments (P<0.05). There 
was also no significant difference between external osmotic pressure and plasma 
osmotic pressure in the 10‰ treatment at all times across the experiment (P>0.05), 
even before acclimation. At this level, fish were in conditions that were essentially 
isosmotic to their internal environment. At 24 h, the difference in osmotic pressure 
between freshwater and 18‰ brackish water was nearly 500 mOsm, but the osmotic 
pressure difference between fish in freshwater (250.6 ± 21.0 mOsm) versus 18‰ (424.8 
±7.2 mOsm) was only 174 mOsm, indicating that individuals had used additional 
energy to osmoregulate. This difference had declined even further by days 28 and 56 
(281 mOsm in comparison with 351 and 272 in comparison with 351 and 391, 
respectively). Fish plasma osmotic pressure at 18‰ had started to show significant 
change from control and other low salinity treatments (2 and 6‰), indicating that fish 
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showed reduced osmoregulatory ability as they attempted to regulate their hydromineral 
balance to maintain an osmotic pressure as normal at 269.03 ± 16.70 mOsm. 
Cortisol 
Cortisol is a hormone that plays a primary role in response to changing 
environments and is used to respond to stressful conditions (Tipsmark et al., 2009; 
Wendelaar-Bonga, 2011). Cortisol level is a very sensitive marker of many factors 
including; exposure to capture, handling and transporting. Plasma cortisol level in the 
coral reef fish Hemigymnus melapterus has been showed to increase markedly from 
under 3 to 40 ng/mL under stressful conditions (Grutter and Pankhurst, 2000), while the 
Eurasian perch (Perca fluviatilis) showed a similar response (130–200 ng/mL) after 0.5-
h exposure to a stressor (Jentoft et al., 2005).Under the experimental conditions 
imposed here, the control cortisol level taken before acclimation was 4.26 ± 2.17 ng/mL 
(n = 30) and was used as a resting rate (non-stress) for tra catfish. During the 
experiment, mean plasma cortisol levels varied widely even though all individuals had 
been sampled within 5 min of handling (Grutter and Pankhurst, 2000). The highest 
mean peak cortisol level (28.5 ± 15.36 ng/mL) was recorded in the 18‰ treatment that 
was significantly different from other treatments after 24 h of the experimental period. 
In general, the 18‰ group showed the highest cortisol concentration mean at 11.55 
ng/mL (P<0.05), significantly different from all others in the total experiment with the 
highest level observed at 24 h. After cortisol concentrations had reached their maximum 
levels in all treatments by day 4, mean levels in almost all treatments then declined 
subsequently over the remaining experimental period. Van Raaij et al. (1996) reported 
that rainbow trout (Oncorhynchus mykiss) cortisol levels can reach approximately 600 
ng/mL in 90 mins after exposure to hypoxic conditions from a starting level of 78 ± 9 
ng/mL. In another rainbow trout study, exposure to acute temperature stress resulted in 
an increase in plasma cortisol from under 10 to 200 ng/mL immediately after a heat 
shock was applied (LeBlanc et al., 2012). 
Under stressful conditions during salinity acclimation, fish plasma cortisol in the 
18‰ treatment was higher than in all other treatments (P<0.05) and increased 
subsequently up to 24 h after the experiment was started (Table 2-2). Individuals in 0, 2, 
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6 and 10‰ treatments, however, did not show cortisol increases in the time period of 6 
h to day 7 among salinity levels (Table 2-2). 
According to Wendelaar-Bonga (2011), cortisol concentrations reach the highest 
levels (over 100 ng/mL) within 30 min after exposure to an acute stressor (based on 
observations on carp, Cyprinus carpio) and then decline. In the current study, the data 
show that the change in salinity in low salinity treatments was not significantly different 
from control level (2.58 ± 2.18 and 6.00 ± 1.46 ng/mL) and 2‰ (5.72 ± 5.26 and 6.24 ± 
0.97) and data before acclimation (3.34 ± 2.57 and 6.18 ± 2.11, respectively) (P>0.05). 
However, as salinity level increased, fish became more sensitive to the change in their 
environment. Fish in 6‰ and higher salinity were more sensitive to the changing 
environment than at lower salinities. Although all sampled individuals were 
anaesthetised and blood collected within 5 min of handling as the suggestion by Grutter 
and Pankhurst (2000), fish in the current trial may have been affected by handling 4 
times within a short time period (0, 6, 24 and 96 h). After 14 days of the experiment, 
plasma cortisol concentrations in all treatments were nearly identical and had declined 
to approximately 5 ng/mL, a level that Kiilerich and Prunet (2011) considered to be a 
non-stressed condition. In each treatment, cortisol concentrations started declining after 
day 7 and reached <5 ng/mL by day 14. This indicated that surviving fish in each 
treatment had probably acclimated successfully to the individual environmental 
conditions in their tanks. 
Apart from adrenaline, noradrenaline and catecholamine, cortisol is considered to 
be one of the most important primary stress hormones in the corticosteroid group of 
glucocorticoids that play a role in regulation of glucose metabolism (Kiilerich and 
Prunet, 2011). Cortisol and adrenocorticotropic hormone are key indicators of stress 
including stress induced by handling, crowding, thermal or osmotic shock (Moon, 
2011). Increases in cortisol levels observed in the treatments here, in turn, led to 
associated increases in plasma glucose concentrations that can be clearly seen in the 
data after 6 h over the experimental period (P<0.05). Across all treatments, the highest 
mean glucose concentration reached was 0.5896 g/L (n = 37) in the 18‰ treatment; this 
was significantly different from the 2, 6 and 10‰ treatments (P<0.05). Over the 
experimental period, there was no significant change within treatment overtime in the 
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control, 2 and 10‰ treatment, while for the 6, 14 and 18‰ treatment; there was a 
significant increase in glucose level after 6 h in comparison with starting level (Table 
2-3). While there was no significant difference among treatments at the start, there was 
a significant difference in the 14 and 18‰ treatments (P<0.05) after 6-h exposure. After 
some fluctuation in glucose concentrations in all treatments at 24 and 96 h, no 
significant change occurred in any treatments subsequently and glucose concentrations 
remained stable between 0.45 and 0.69 g/L (Table 2-3). 
Glucose concentration in the blood is regulated by the endocrine system. After 
feeding, glucose concentration level will increase and will then decline when insulin is 
released for glucose storage, or protein is built; in contrast, glucagon from the pancreas 
will break down glycogen to glucose (Reece et al., 2005). The increase in glucose 
concentration is indicative of a reflex where energy is released to deal with stress and 
occurs under the regulation of adrenalin and cortisol hormones (Wendelaar-Bonga, 
2011). At high salinity concentrations (14 and 18‰), cortisol levels increased 
significantly in comparison with lower salinity treatments before acclimation, leading to 
an increase in glucose concentration at 6 h in these treatments. Individuals in hypo-
osmotic treatments (e.g. control, 2 and 6‰) and the isotonic treatment at 10‰ in 
general did not show large energy costs for ion uptake activity via the gill, gut or 
kidney, which was indicated by osmoregulatory data, glucose concentrations and 
cortisol levels. At higher salinity levels (14 and 18‰), however, growth performance 
was impacted negatively in comparison with other treatments. Individuals in high 
salinity treatments had raised internal osmotic pressures compared with lower salinities, 
although they remained lower than environmental osmotic pressure. Fish, however, 
appeared to lose water to their hyperosmotic culture environments and showed 
increased stress levels. Eventually, this led to individuals in the high salinity treatment 
refusing food, showing low SGR and DWG and high FCR values as evidenced in the 
18‰ treatment. It is likely that food in the 18‰ treatment had been diverted from 
growth and was essentially mobilised to deal with perceived stressful conditions.  
Boeuf and Payan (2001) observed that fish exposed to variable salinities ranging 
from freshwater to marine water concentrations, use approximately 10–50% of their 
available energy to regulate their homoeostatic balance. Freshwater fish drink more 
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saline water at raised salinities, a behaviour that requires more energy for Na–K-
ATPase to extract excess ions; in addition, cortisol combined with growth hormone 
secretion stimulates the synthesis of ion channels in the gills or produces higher 
secretion levels of hormones that deal with stress in raised salinities (Eckert et al., 2001; 
Varsamos et al., 2005). The net effect is that high energy costs associated with ionic 
balance regulation have a negative effect on growth and survival in hyperosmotic 
environments. For tra catfish in the current study, this effect was evident at salinities 
above 10‰. 
Conclusions 
Change of salinity had a clear effect on tra catfish growth performance and created 
stressful conditions at high salinity levels. Low salinity conditions from 2 to 10‰ in 
contrast resulted in high survival and good growth performance, while freshwater 
(control) and salinity levels at 14‰ and above resulted in poor survival rates. Control, 
2, 6, and 10‰ treatments all showed good growth performance with associated low 
FCR values; in contrast, fish in the 14 and 18‰ treatments consumed more food that 
was, however, not used for growth but for dealing with stress. Cortisol levels were 
raised in the 14 and 18‰ treatments after 6-h exposure to these salinity levels, and this 
led to an increase in plasma glucose concentration. Surviving individuals in all 
treatments acclimated to their environmental conditions after 14-day exposure with 
cortisol levels remaining below 5 ng/mL and glucose concentrations were stabilised. 
Together these results suggested that tra catfish are not very good osmotic regulators; if 
salinity exceeds 10‰, they potentially lose their osmoregulatory capacity and this has a 
negative impact on survival and growth performance. Thus, if increased in salinity 
levels in culture environments in the Mekong River do not exceed 10‰, negative 
effects on culture performance should be limited. In fact, moderate increases in water 
salinity used for culture of this species in the MRB may actually increase returns to 
farmers if survival rates are improved associated with only minimal declines in growth 
performance as indicated by the results here. 
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Tables and Figures 
Table 2-1. Mean growth performance indices of tra catfish under different salinity 
treatments over 56 days experimental trial. 
Treatments N Survival (%) WG (g) DWG(g/day) SGR (%/day) FCR (g/g) 
Control 5 64.42±9.47b 13.47±5.36a 0.24±0.10a 1.30±0.37a 1.45±0.33a 
2‰ 5 91.35±7.97ab 11.60±3.38ab 0.21±0.06ab 1.15±0.23ab 1.92±0.27ab 
6‰ 5 99.47±1.18a 11.47±3.94ab 0.20±0.07ab 1.18±0.28ab 1.76±0.27ab 
10‰ 5 80.53±11.26ab 13.72±2.93a 0.25±0.05a 1.33±0.17a 1.80±0.23ab 
14‰ 5 77.30±8.88b 8.05±1.75b 0.14±0.03b 0.90±0.15b 2.31±0.75b 
18‰ 5 38.92±24.22c 3.21±0.39c 0.06±0.01c 0.40±0.08c 4.14±0.78c 
Means±SD in same column that do not share the same letter are significantly 
different (P<0.05). 
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Table 2-2. Changes of plasma osmotic pressure and plasma cortisol in 56 day of experiment.  
Time Treatments 
 N Control 2‰ 6‰ 10‰ 14‰ 18‰ 
Osmotic pressure (mOsm/kg)        
Water* 5 1.0±1.7dF 99.8±3.2dE 158.0±1.2dD 290.6±9.0abcdC 389.0±4.8aB 492.0±2.5aA 
Before Acclimatizing 5 278.2±12.4aA 284.2±12.5aA 268.6±9.0aA 266.2±16.4dAB 249.0±14.2dB 268.0±16.0fA 
Start day 5 271.8±12.6abD 267.0±18.7bD 266.8±16.6abD 304.8±23.2abcC 340.4±20.2bB 397.2±25.6bcA 
6 h 5 249.0±14.3bcD 245.2±12.3cD 254.4±6.7bcD 311.2±20.3abC 330.4±9.5bB 423.0±17.7bA 
24 h 5 250.6±21.0bcD 244.4±4.8cD 255.6±3.6abcD 319.4±16.7aC 374.6±11.9aB 424.8±7.2bA 
96h 5 241.6±8.8dC 256.0±11.3bcC 258.0±8.5abcC 310.4±26.4abB 318.0±21.2bB 384.0±29.8cdA 
7 day 5 250.4±20.8bcC 244.6±15.0cC 257.4±11.1abcC 295.2±15.1abcdB 311.0±34.1bcB 375.0±40.6cdA 
14 day 5 236.5±8.5dD 251.8±5.4bcCD 252.6±6.4cCD 269.0±15.9cdBC 285.3±9.1cB 329.8±20.8eA 
28 day 5 281.0±26.0aB 266.0±13.0bB 259.0±10.6abcB 281.4±44.2bcdB 339.6±46.5bA 351.0±8.1deA 
56 day 5 271.8±23.1abC 268.6±18.5abC 265.2±10.9abcC 311.2±42.7abB 329.8±24.0bB 391.2±43.6bcA 
Cortisol (ng/ml)        
Before Acclimatizing 5 3.33±2.57cAB 6.15±2.12bA 2.66±2.04dB 5.13±1.77cdAB 3.99±0.49bcAB 4.31±2.42cAB 
Start day 3-5 2.58±2.16cB 4.14±4.51bcB 4.87±2.74cB 3.77±2.45dB 5.54±2.40bB 16.70±4.43bA 
6 h 3-5 6.01±1.45bcB 6.25±0.96bB 8.90±1.99bB 7.68±0.61bB 8.13±2.43aB 19.83±9.94abA 
24 h 5 10.96±1.94aB 9.28±2.58aB 8.82±1.12bB 6.57±1.19bcB 5.73±0.38bB 28.51±15.36aA 
96h 3-5 11.88±2.48aA 10.35±0.30aAB 13.02±1.28aA 10.65±3.17aAB 8.57±1.58aB 5.56±1.24cC 
7 day 5 9.30±5.50abA 10.56±1.13aA 7.91±1.74bAB 5.31±0.91cdB 5.12±1.21bB 5.62±1.05cB 
14 day 5 3.65±1.49cA 4.49±1.30bcA 4.87±0.34cA 4.49±2.29cdA 3.65±0.63bcA 3.09±1.26cA 
28 day 5 2.70±1.31cB 1.91±0.15cB 2.03±1.39dB 0.91±0.40eB 2.23±1.15deB 4.11±2.18cA 
56 day 5 3.22±2.98cA 2.59±1.34cA 2.25±0.43dA 0.59±0.19eA 0.85±0.48eA 2.58±2.25cA 
Mean±SD. Different lowercase and capital letter indicate different significant difference within column and row (P<0.05).  
* Water samples were collected from tank on the time of collecting sample (1 water sample/tank/time of collection). 
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Table 2-3. Changes of plasma glucose (g/L) over the 56 day experiment. 
Treatment N Control 2‰ 6‰ 10‰ 14‰ 18‰ 
Start day 3-5 0.66±0.20aA 0.57±0.10aA 0.46±0.14abcA 0.57±0.09aA 0.62±0.15bA 0.56±0.15bA 
6 h 3-5 0.56±0.10aB 0.60±0.09aB 0.59±0.15aB 0.59±0.12aB 0.90±0.10aA 1.02±0.27aA 
24 h 3-5 0.58±0.10aA 0.49±0.08aA 0.44±0.04bcA 0.54±0.06aA 0.57±0.07bcA 0.48±0.22bA 
96 h 3-5 0.59±0.11aA 0.53±0.17aAB 0.36±0.06cAB 0.49±0.18aAB 0.45±0.17dcAB 0.30±0.19bB 
7 day 3-5 0.57±0.07aA 0.49±0.14aA 0.58±0.09aA 0.54±0.18aA 0.57±0.06bcA 0.47±0.12bA 
14 day 3-5 0.61±0.13aA 0.60±0.21aA 0.55±0.03abA 0.45±0.03aA 0.48±0.09bcdA 0.57±0.07bA 
28 day 3-5 0.54±0.09aA 0.51±0.14aA 0.45±0.09abcA 0.43±0.07aA 0.37±0.16dA 0.59±0.36bA 
56 day 3-5 0.58±0.18aA 0.48±0.04aA 0.50±0.05abcA 0.52±0.05aA 0.50±0.05bcdA 0.69±0.29bA 
Mean±SD. Different lowercase and capital letter indicate different significant difference within column and row (P<0.05). 
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Supplementary Material 
Materials and methods 
Concentrations of Na+ and K+ in plasma and water samples from tanks were also 
measured using a Na-K Analyser (Model 420 Flame Photometer Sherwood Scientific, UK) 
following the manufacturer’s protocol. Plasma GH were measured using GH ELISA kit 
(CSB-E12121Fh, Cusabio, China). GH analysis followed the manufacturer’s instruction. 
Three fish brain tissue/treatment/5 sampling time were measured for GH gene 
expression. Samples were transferred initially into 1.5mL tubes and 0.6 mL Lysis Buffer 
with 2-mercaptoethanol was added to each tube. Samples were then vortexed until the cell 
pellet dispersed and all cells were lysed. Each sample was then homogenized at room 
temperature using a rotor-stator homogenizer. RNA purification was conducted using a 
PureLink® RNA Mini Kit (Ambion, LifeTechnology) according to the manufacturer’s 
instructions. Purified RNA was kept at –80°C for later cDNA synthesis. 12.5L of RNA 
sample was transcribed to single strand cDNA using an Easy Synthesis Kit (VA.092-
003D) applying a random hexamer. The cDNA PCR synthesis reaction was set at 25oC-5 
mins; 42 oC-30 mins; 85 oC-5 mins; and samples maintained at 4oC.  
Highly purified salt-free oligo primers (Invitrogen, USA) for quantification of the 
target growth hormone gene were designed following the method of Sinha et al. (2010). 
The forward primer sequence, 5’-CCAGCCTGGATGAGAACG-3’, and reverse primer 
sequence, 5’-GGGATCTCCTGCACTTGG-3’, were designed based on growth hormone 
gene sequence data (Genbank Accession No.: M63713). A 25L real time PCR Mastermix 
was prepared as follows: 12.5µL Maxima SYBR Green qPCR Mastermix (Thermo 
Scientific), 0.25µL forward, 0.25µL reverse, 0.5µL ROX, 9.5µL nuclease free water and 
2µL cDNA. The following dissociation RT-PCR protocol with ABI Prism 7000 SDS 
software was used: denaturation (95oC for 10 mins), amplification and quantification 
program repeated 40 times (95oC for 15s, 60oC for 60s). Number of mRNA copies was 
calculated by using a reference to control sample concentration. The control sample 
concentration was measured, diluted and then used to produce a standard curve for each 
RT-PCR reactions. Standard curves were generated by amplifying the GH gene from 
control samples. The extracted mRNA in the control sample was converted to cDNA using 
cDNA Easy Synthesis Kit (VA.092-003D) applying a random hexamer. The cDNA PCR 
synthesis reaction was set at 25oC – 5mins; 42oC-30mins; 85oC-5mins; and was kept at 
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4oC. The PCR reaction was conducted using 16.65l PCR water, 2.5l buffer, 2l MgCl2, 
1l dNTPs, 0.25l forward primer and 0.25l reverse primer, 0.25l Taq with 2l of 
cDNA. The PCR protocol was 5 mins at 95oC followed by 40 cycles of 15s at 95oC, 30s at 
60oC, and 30s at 72oC and PCR products were examined in 1.5% agarose gel with 2%/100 
ml EtBr run with Gene ruler 100 bp DNA and diluted concentration of 2.64 mg/ml Lambda 
DNA (Promega, USA) . Analysis and quantification using the standard method were 
carried out with Gel-Doc 170-8171 (BioRad) and Quantity One software.  
Results and Discussion 
Results showed that salinity condition in experimental tanks had a significant effect on 
fish osmotic regulation represented through change in plasma Na+ and K+ concentrations.  
Significant effects of salinity and sampling time interactions on plasma growth hormone 
concentration were also observed while salinity affected GH gene expression over the 
sampling period (Table 2-4). 
Table 2-4. Results of ANOVA analyses for effects of salinity on physiological parameters 
and GH gene expression over experimentation. 
 df Mean Square F P value 
     [Na+]     
Salinity 5 76703.5 66.768 <0.001
Time of collection 7 8167.97 7.11 <0.001
Salinity x Times of collection 35 1769.918 1.541 0.038
Error  173 1148.801  
     [K+]     
Salinity 5 199.154 31.8 <0.001
Time of collection 7 14.762 2.357 0.025
Salinity x Times of collection 35 6.238 0.996 0.483
Error  179 6.263  
GH level   
Salinity 5 0.05 0.452 0.811
Time of collection 7 4.962 44.463 <0.001
Salinity x Times of collection 35 0.335 3.004 <0.001
Error  147 0.112  
GH gene expression   
Salinity 5 0.408 5.465 <0.001
Time of collection 4 0.753 10.077 <0.001
Salinity x Times of collection 20 0.123 1.649 0.061
Error  80 0.075  
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In the current study, deep sea water (85‰) was used in dilutions in experimental tanks 
reflecting realistic effects of predicted climate changes. The results showed that, in all 
salinity conditions, plasma sodium and potassium concentrations were all higher than in 
external environments (Figure 2-1, 2-2). As mentioned above, tra catfish showed only a 
limited ability to regulate their homeostatic balance represented in osmotic pressure 
regulation in high salinity conditions. Here, increase in salinity conditions led to an 
increase in sodium levels in experimental tanks. Salinity conditions at 14‰ or above 
resulted in losing their capacity to regulate sodium and potassium represented in 
significantly higher plasma sodium and potassium concentrations in fish exposed to 14 and 
18‰ treatments. 
 
 
Figure 2-1. Plasma Na+ and K+ concentrations in different salinity conditions. Means+SE 
with the same letter are not significantly different (P>0.05) 
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In general, GH levels were not affected by varied salinity conditions in 56 days of the 
experimental period. GH levels however, were significantly different during early exposure 
to the experimental conditions but these levels stabilised from the day 7 to the end of the 
trial (Figure 2-3). There was a rapid increase of GH levels in fish plasma in the 14 and 
18‰ treatments from starting time to 6 hours exposure. GH levels in these high salinity 
conditions then declines significantly lower than other lower salinity treatments by day 4. 
All these indicated that GH was up-regulated in conditions that subjected fish to osmotic 
stress and this regulation was most noticeable in the early days of exposure. As mentioned 
in the published paper, GH plays a role in differentiation of chloride cell in fish gill 
(McCormick and Bradshaw, 2006; McCormick, 2001), and via this act, Na-K-ATPase 
were synthesised, enabling fish to deal with osmotic stress. A similar response were also 
observed in tilapia (Xu et al., 1997). Furthermore, these results indicate that tra catfish can 
acclimate to sea water exposure. Mancera and McCormick (1999) found that freshwater 
fish treated with GH and IGF-1 can increase salinity tolerance prior to a detectable increase 
in gill Na-K-ATPase that also prevents decreases in gill Na-K-ATPase seen after seawater 
exposure. In the current study, there was no significant difference in plasma GH levels 
among treatments after 7 days of exposure. This suggests that GH regulation during the 
early phase of exposure acts as a key factor in differentiation and proliferation of chloride 
cell in fish gill, so that survivors are acclimatised to their environments.    
 
Figure 2-2. Plasma GH concentrations in different salinity conditions. Means+SE with the 
same letter are not significantly different (P>0.05) 
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In the current study, GH gene expression patterns were also conducted to determine 
the relationship between fish growth and growth hormone level and gene expression. The 
results showed that salinity conditions and time of tra catfish exposure to the conditions 
had significant effects on GH gene expression level. High salinity conditions (≥14‰) 
stimulated an increase in GH gene transcription; in contrast, salinity conditions that were 
close to the iso-osmotic point (9‰) had negligible effects on GH gene regulation (Figure 
2-3).   
 
Figure 2-3. Mean GH gene expression patterns in different salinity conditions. Means+SE 
with the same letter are not significantly different (P>0.05) 
While total GH mRNA levels in the high salinity treatment were significantly higher, 
plasma GH levels in fish, in general, were not statistically affected by raised salinity level. 
This result supports findings of the study by Ágústsson et al. (2001) that showed GH 
mRNA quantity, plasma GH and plasma IGF-1 in Atlantic salmon Salmo salar, all 
changed with time of collection over the year but these three parameters did not show a 
close relationship among each other. Another study has even reported that GH secretion 
can often follow a diurnal rhythm (Björnsson et al., 2002). Therefore, GH gene expression, 
GH and IGF-1 levels should be examined in parallel to assess factors that affect the fish 
response. 
In the current study, although GH gene expression were enhanced in high salinity 
conditions over time, plasma GH levels just increased in early phase of the experiment, and 
growth performance of fish in these treatments were significantly lower than all other 
treatments. This indicates that tra catfish subjected to osmotic stress responded to the 
stressor by enhancing regulation of GH secretion for dealing with the stress. In freshwater 
conditions and moderate salinity environment, GH played a role as a growth factor for 
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enhancing growth, while in high salinity treatments, which had insignificant differences in 
GH levels for the later days, GH was used in responses to osmotic stress.  
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Chapter 3.  Effects of temperatures on growth performance, hematological 
parameters and plasma IGF-1 levels in tra catfish (Pangasianodon 
hypophthalmus) 
 
Submitted to Journal of Thermal Biology – in review.  
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Preface to Chapter 3 
This research focuses on the potential effects of temperature increase on the tra catfish 
industry in the Mekong Delta in southern Vietnam under a model of global warming. The 
current experiment was conducted to assess effects of raised temperature on growth 
performance and stress responses of tra catfish. In addition to monitoring growth and survival 
rates of fish under different temperature water conditions, this study also assessed changes in 
hematological parameters, plasma glucose, plasma osmotic pressure, cortisol and IGF-1 
concentrations that were examined in two trials. The pilot experiment was conducted for 96 
hours and tested fish survival rates under acute temperature exposure. The first trial was 
carried out over 14 days with fish sampled at five times ( day 0, 1, 4, 7 and 14) while the 
second trial was conducted over 56 days and assessed fish growth rates and related 
parameters (as for trial 1) as a longer term study of effects. Fish brain and liver tissues were 
collected in trial 1 and 2 to examine gene expression patterns. The published paper from this 
work however, only presented survival rates, growth performance, hematological, plasma 
glucose concentration, osmotic pressure data and IGF-1 levels. Additional data from this 
study are presented here as Supplementary Material.  
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Abstract 
Global temperature has increased within the last 150 years and is predicted to rise a 
further 1-6oC in the coming decades. This study focuses on the impact of possible 
temperature increase on tra catfish (Pangasianodon hypophthalmus) aquaculture, an 
economically important cultured fish in the Mekong River Delta. The effects of a range of 
different temperatures were assessed on survival rates, and certain physiological processes 
relating to growth in general. Two trials were conducted: (1) short-term (14 days) and (2) 
long-term (56 days) that investigated the impacts of temperature (24-36oC) on fish growth 
performance and physiological and hormonal responses. Hematological parameters including 
red blood cell counts, hemoglobin concentrations and hematocrits at 24oC and higher 
sublethal temperature (30, 32, 34 and 36oC) treatments were significantly higher than what 
may be considered the control temperature, 27oC. 34oC appeared to be the optimum 
temperature for tra catfish growth with the highest weight gain, daily weight gain, specific 
growth rate, with no observed decline in survival. It is proposed that superior growth 
performance at 34oC was due to the higher temperature increasing the metabolism of fish, 
enabling greater food intake with no associated increase in food conversion ratio in 
comparison with other treatments as might be expected under stressful conditions. Most 
growth performance parameters started declining at 36oC suggesting that energy was 
potentially being diverted away from growth to deal with temperature stress.  In general, the 
results of this study confirm that, providing culture environments in the Mekong River Delta 
do not rapidly increase higher than 34oC, cultured tra catfish should continue to perform well. 
Keywords: tra catfish, temperature, IGF-1, growth performance, climate change. 
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Introduction 
The environmental temperature range experienced by any animal can have a major 
impact on survival, performance and reproduction, and this is a particular problem for 
ectotherms that have limited capacity to regulate their own body temperature. For most 
species in their normal temperature range, a slight increase in temperature is likely to be 
beneficial to growth because it results in more energy which leads to higher reaction rates for 
growth (Wootton, 2011). This is often due to how the molecular structure of mitochondria is 
affected by changes in temperature (Guderley, 2004); within the normal tolerance range, the 
rate of biochemical processes roughly doubles for every 10oC increase in temperature (Boyd 
and Tucker, 1998).  
Raised temperature can often enhance metabolic activity and increase growth rates in 
fish, while lower temperatures generally reduce performance (Kemp, 2009). Most tropical 
fishes show optimal growth performance in temperatures that range from 25-32oC (Boyd and 
Tucker, 1998) but the ways in which individual species adapt to new temperature ranges 
however, can vary significantly. Laboratory studies frequently demonstrate that temperature 
can increase to a point where it becomes detrimental for growth, and eventually becomes 
lethal (Pörtner et al., 2001) and the inflection point, at which growth begins to deteriorate, 
tends to be species specific.  
Tra catfish (Pangasianodon hypophthalmus) is now the most widely traded fish 
commodity around the world and currently, most production comes from a single region in 
the Mekong River Delta (MRD) in the south of Vietnam (De Silva and Phuong, 2011). Total 
production of farmed tra in 2010 reached 1.14 million tonnes with fish exported to 136 
countries on most continents, producing an estimated export income of US$ 1.4 billion (De 
Silva and Phuong, 2011). Tra play a very important and significant role in the Vietnamese 
aquaculture sector and now accounts for more than 50% of total aquaculture production 
(Phuong and Oanh, 2010). The catfish culture industry also provides direct employment to 
nearly 200 000 people in Vietnam, with the great bulk of these being women, primarily 
engaged in the processing sector (De Silva and Phuong, 2011; Phuong and Oanh, 2010).  
The MRD, where most tra culture is based, is predicted to be one of the top three regions 
worldwide, likely to be impacted by potential sea level rises associated with global warming 
(IPCC, 2007). Forecasts of temperature increases in this area are in the order of 1-6oC by the 
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year 2100 (IPCC, 2013). Investigations to assess effects of temperature increase on tra catfish 
culture performance are needed therefore, to assist sustainable development of this industry 
in the future.  
Increasing gill blood flow, plasma glucose, locomotory activity, gluconeogenesis and 
declining food intake, growth, reproduction, glycogen store and muscle proteins are major 
responses to stressful conditions and are controlled by the brain and endocrine system 
(Wendelaar-Bonga, 2011). IGF-1, which promotes tissue growth and differentiation 
(Daughaday, 2000), and cortisol, the major hormone for responding to stress (Jentoft et al., 
2005; LeBlanc et al., 2012) are appropriate indicators therefore, for assessing the effects of 
temperature change on growth performance. Temperature change is also directly correlated 
however, with dissolved oxygen concentration (Boyd and Tucker, 1998) and therefore, 
hematological parameters and plasma glucose levels are also useful indicators to assess the 
capacity of fish to perform under temperature change or other stresses. In the current study, 
we examined the response of replicated cohorts of juvenile tra to temperatures overlapping 
with the range predicted under current climate change models on mean water temperature 
across the MRD region of Vietnam over the next 50 to 100 years. The primary objective was 
to identify temperature conditions that provide optimum growth and survival in cultured tra. 
Furthermore, we wished to identify the specific temperature reached at which the stress 
response of individuals was to divert energy away from growth and direct it to dealing with 
the stress.  
Materials and Methods 
Experimental system and animals 
P. hypophthalmus (Siluriformes: Pangasiidae) juveniles (10–20 g) were obtained from 
an artificial seed production centre located in Can Tho City in the Mekong Delta, Vietnam. 
Individuals were maintained in freshwater tanks at the College of Aquaculture and Fisheries, 
Can Tho University, Can Tho City. Test individuals were acclimated to tank condition for 
two weeks prior to experimentation in 4000 L tanks (approximately 500 individuals per tank) 
in freshwater (1.27±0.44 mOsm) at 27C equipped with a continuous supply of well aerated 
freshwater. Fish were fed commercial pellets (Aquafeed, 25% protein, d=2mm, Grobest & I-
Mei Industrial) twice daily to satiation. After the acclimation period, cohorts were used in 
growout trials. 
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(1) Short-term trial: 810 individuals were distributed randomly into six treatments with 
three replicate 500L tanks (45 individuals per tank per treatment) which has been found to be 
the optimal density for tra catfish (Islam et al., 2006). The six temperature treatments were 
based on a pilot study that recorded 100% mortality at <21oC and >39oC. The treatments here 
were: 24oC, 27oC, 30oC, 32oC, 34oC and 36oC. In some respects, the 27oC treatment may be 
considered as a control as the ambient temperature during the experiment was 27-28oC. For 
the 24oC treatment, tanks were set up in a cold room using an air conditioner to maintain the 
desired temperature. Individuals assigned to higher temperature treatments (30, 32, 34, and 
36oC) were acclimated gradually to their individual treatment temperatures before the 
experiment commenced using thermostats (Mennekes System, Germany) in a stepwise 
fashion at 2oC per day until all tanks had reached their target temperatures. Highest 
temperature treatment acclimations began first and in sequence such that all treatments 
achieved their respective experimental temperatures on the same day. When all tanks had 
reached their target temperatures, fish were sampled at 0 h, 24 h, 96 h, 7 d and 14 d. At each 
sample collection time, three individuals were sampled randomly for hormone samples of 
IGF-1, cortisol, glucose level, osmolality and hematological parameters. 
(2) Long-term trial: Temperature acclimation was conducted in an identical manner as 
for the first trial. 918 individuals were distributed randomly into six treatments with 51 
individuals per tank as an optimal density stock (Islam et al., 2006). Six individuals were 
sampled at day 28 and day 56 to collect hormone data, glucose measurements, hematological 
data and osmoregulatory status. The remaining 45 fish were used to calculate survival rate 
and individual growth performance.  
Individuals in each tank were fed twice daily at 800 - 900 hours and 1500-1600 hours 
using a commercial feed as described above. Fish were allowed to feed for one hour after 
which any remaining feed pellets were retrieved and counted, so that the mean food intake 
(FI) per day per individual could be determined based on the number of fish remaining in 
each tank. 
Water in all tanks was aerated and water replacement was conducted weekly by 
siphoning 20% from the bottom (to prevent large changes in water temperature) and making 
the difference up with dechlorinated tap water. All acclimation and salinity treatments were 
exposed to a 12h:12h photoperiod for the duration of experimentation. 
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Data and sample collections 
Water quality was checked daily using a YSI Professional plus meter that assessed 
dissolved oxygen (DO), NH3 concentration, pH and water temperature. 2mL water samples 
from each tank were also collected and stored in 2mL plastic tubes at the time of every fish 
sample collection to measure ambient water osmotic pressure.   
Growth performance in trial 2 was estimated per treatment as: weight gain (WG), daily 
weight gain (DWG), specific growth rate (SGR) and food conversion ratio (FCR) based on 
the following standard formulae: WG (g) = final mean weight - initial mean weight; LG (cm) 
= final length – initial length; DWG (g d-1) = WG/56; SGR (% d-1) = [ln(final weight) – 
ln(initial weight)] x 100/56; FCR (g/g) = daily food intake x 56/WG.  
Data were collected from tanks at the following time intervals; 0 h, 6 h, 24 h, day 4, day 
7, day 14  of Trial 1 and day 28 and 56 of Trial 2. Individual fish were sampled from tanks 
using a hand net. The head of each sampled individual was placed under a cold moist towel to 
reduce stress during handling (Snellgrove and Alexander, 2011). According to Grutter and 
Pankhurst (2000), capture and handling time can have a significant effect on measurement of 
cortisol and glucose concentrations in fish blood plasma, so blood samples from the caudal 
vein were taken immediately within 5 minutes of sampling with 1mL heparin coated syringes 
(Becker et al., 2012), prepared under ice. Quantity of blood taken was approximately 400 L 
per individual. Individual samples were then transferred to 1.5 mL labelled tubes that were 
then stored on ice prior to centrifugation. Fish were then euthanized by immersion in an ice 
slurry. 
Hematology and biochemical indices 
Total red blood cell (RBC) count was determined manually in a 1:200 dilution of the 
blood sample in Natt-Herrick’s solution as a diluent stain using a Neubauer hemacytometer 
(Natt and Herrick, 1952). Microhematocrit tubes were used to determine the hematocrit at 
12000 rpm for 5 min (Hct %) (Larsen and Snieszko, 1961). Hemoglobin concentration (Hb g 
dL-1) was determined using the cyanohemoglobin method. A 10 L blood sample was mixed 
with 2.5 mL of Drackin reagent (Harikrishnan et al., 2003). Hemoglobin concentration of 
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samples was determined at 540 nm using a spectrophotometer (GENESYS™ 20, Thermo 
Scientific). 
Plasma analysis 
Blood samples were centrifuged for 10 mins at 4500 rpm at 4oC. Following this, plasma 
was separated and frozen and stored at -20oC for later analysis. Plasma IGF-1 and cortisol 
concentrations were determined using IGF-1 600 ELISA kit (EIA-4140 DRG Instruments 
GmbH; sensitivity:0-600 ng/ml) and Cortisol ELISA kit (EIA-1887, DRG Instruments 
GmbH; sensitivity:0-800 ng/ml), respectively. Assay procedures were as per the 
manufacturer’s instructions. Glucose levels (g/L) in plasma samples were quantified using a 
standard glucose assay (Huggett and Nixon, 1957). Osmolality levels (mOsm) were measured 
using a Fiske Associates Osmometer, Model 110.  
Statistical analysis 
To determine differences in growth performance, one way ANOVAs using IBM SPSS 
21 Statistic were applied individually to each performance indicator. Additionally, a two-way 
ANOVA was used to evaluate whether there were any interactions between treatment and 
sampling period for glucose, IGF-1 levels, and also for osmotic pressure. Where significant 
differences were identified, comparisons among treatment means were made using a 
Duncan’s post hoc test, applying a 95% confidence level. 
Results 
Environmental condition 
There was no significant difference in pH value among treatment over the course of the 
experimental period while DO and NH3 concentrations both tended to be higher in the 24oC 
and 27oC treatments (Table 3-1). Although NH3 concentration in treatments varied, all 
records were lower than those seen under standard healthy pond conditions observed by 
Bosma et al. (2009). While the negative correlation between temperature and DO is well 
established, the variation seen in DO levels among treatments in this study (i.e. lower DO in 
warmer temperatures) was well within the standard daily range of DO fluctuations observed 
in tra growout ponds in the MRD (Lefevre et al., 2014) (Table 3-1).  
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Survival rate and growth performance  
The survival rate observed in the 24oC treatment was lower than for all other treatments 
(P<0.05). There was no significant difference in fish survival rate among all other treatments 
except that survival in the 36oC treatment was lower when compared with 27oC (Table 3-2). 
Fish WG rose quite rapidly in association with temperature increase, from the lowest level 
observed at 24oC to the highest value in the 34oC treatment. There was then a significant 
decrease in WG from 34oC to 36oC of approximately 20-25% (Table 3-2). The same pattern 
was generally seen for DWG and SGR while the effect was less for LG. 
As all treatments were sampled at 56 days, the statistical significance of differences 
among LG, DWG and SGR measures largely reflect that seen in the WG analysis. In general, 
27oC and higher temperatures facilitated increased performance across these indicators in 
comparison with the lowest treatment temperature (24oC). Both DWG and SGR of tra 
maintained at 24oC were poorer than in all other temperature treatments (P<0.05) while fish 
in the 34oC treatment showed the highest DWG and SGR levels (P<0.05). Daily food intake 
was significantly different among treatments, with the highest consumption evident at 34oC 
while FCR values among treatments did not differ from 27oC to 36oC however, all were 
superior to that observed in the 24oC treatment. 
Hematological parameters 
Estimates of the three hematological parameters (RBCs, hemoglobin and hematocrits) in 
fish sampled from the various thermal conditions showed significant main effects among 
temperatures, time of collection and also their interaction (Table 3-3).Water temperature 
therefore had a clear effect on tra during both short term and long term exposure. Results 
show that RBC, Hct and Hb were significantly lower at 27oC. There was no difference 
between mean values at any other temperature (Table 3-4). 
Biochemical and hormonal changes 
No significant effects were evident for temperature, time and their interaction on osmotic 
pressure in tra catfish (Table 3-3) and there was no significant difference among treatment 
(Table 3-4); tra catfish plasma osmotic pressure was 267.18±31.09 mOsm (n=331). Glucose 
concentrations however, were significantly affected by temperature and time of collection 
although there was no apparent interaction between the two variables (Table 3-3). Significant 
changes in fish plasma glucose concentrations among treatments occurred at day 1 and day 4 
of the experiment (Figure 3-1). The highest glucose concentration was seen in the 34 and 
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36oC treatment, significantly higher than in the 24oC and 27oC treatments at day 1. Plasma 
glucose levels of fish in the 34oC and 36oC treatments were in decline by day 4. By day 7, 
survivors in different thermal environments had probably acclimated to their surrounding 
temperature and were able to regulate their glucose levels in the range of 0.24-0.33 g/L. No 
significant differences were observed among treatments from day 7 until the end of the 
experiment. 
Although cortisol plays a key role in osmoregulation and stress response through it effect 
in stimulating gill NKA activity, modulate the tissue inflammatory response through 
inhibitory effects on cytokine production and a range of other immune system responses  
(Pankhurst, 2011), no significant differences were observed for cortisol levels within either of 
the main effects or their interaction (data not supplied), probably due to the very large degree 
of variation among values within treatments (across 2 orders of magnitude within some 
treatments). We propose that this high variation was a natural phenomenon (Ruis et al., 1997) 
or stress caused by long time handling (Grutter and Pankhurst, 2000) of 5 fish per tank. While 
IGF-1 levels were not significantly different among treatments at the time of collection, fish 
in different stages of growth showed highly significantly different IGF-1 levels, but there was 
no interaction between thermal treatment and sample time for levels of this hormone (Table 
3-3). In general, IGF-1 levels in warmer conditions (27-34oC) increased gradually until they 
reached a peak at day 14 of the experiment and then declined subsequently. In contrast, no 
change over time was evident in IGF-1 levels in the 24oC treatment (Table 3-5). 
Discussion  
The results of this study clearly indicate that a moderate increase in water temperature in 
the tanks improved performance of tra catfish culture, and this effect could possibly translate 
to wild populations as well. However, it is well known that as temperature increases, we 
should see an associated decline in DO, with all other things being equal. This effect was 
evident in the current study with DO declining from almost 5 mg/L at 24oC to approximately 
3.4 mg/L at 36oC. While these values were statistically different from each other, we believe 
that the observed variation in DO levels played a minor role in determining growth of tra for 
a number of reasons: i) tra is an air breathing species (Roberts and Vidthayanon, 1991) and 
can usually access at least 10% of its oxygen requirements directly from the air (Lefevre et 
al., 2014); ii) lower DO levels would normally result in some degree of stress and therefore 
we would expect growth to decline at higher temperatures, which was not the case here; iii) 
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fish with the highest DO had the lowest survival and growth rate, while the reverse was 
evident for the lowest DO treatments; and iv) DO levels in the current study remained in the 
acceptable range for all treatments (Ficke et al., 2007), with hypoxic conditions considered to 
be  below 2-3 ml/L.  
Ficke et al. (2007) observed that each species of fish has an optimal temperature range 
for growth performance; for warm water fish or fish in tropical regions in general, optimal 
temperature for growth ranges generally from 20 to 32oC (Ficke et al., 2007; McLarney, 
1998). The relationship between temperature and growth is represented by the thermal 
growth coefficient effect (Schulte, 2011), whereby metabolic rates increase in raised 
temperature producing faster growth rates at higher temperatures. In the current study, low 
temperature affected growth of tra more significantly with individuals in these conditions not 
only consuming approximately half the amount of food compared with the treatment with the 
highest feeding rate (34oC), but also showing a much higher FCR value (Table 3-2) than in 
all other treatments. Thus, fish in the lowest temperature treatment (24oC) apparently require 
more food to gain a unit of their body weight at suboptimal water temperature. Furthermore, 
this was evident in a low relative growth rate and reduced length gain. As most fish are true 
ectotherms, their body temperature (and hence metabolic rate) will essentially follow the 
temperature of the surrounding water (Wootton, 2011); tra, a tropical fish,  not only showed 
poorer survival rate at 24oC, but also had a lower growth rate. 
In the current study, tra showed optimal response to temperatures ranging from 27oC 
(current mean ambient temperature in MRD culture) to 36oC, but 34oC provided the best 
thermal conditions for tra culture. At this temperature, fish approximately showed twice the 
weight gain in comparison with the 27oC treatment while at the same time, had no difference 
in FCR value. Fish in this treatment consumed approximately double the amount of food 
daily and the DGR in comparison with 27oC, what might be considered as control conditions. 
Together, these results suggest that increased temperature to at least 34oC did not result in a 
stress response and that the majority of energy derived from the increased FI was being 
directed to growth rather than to dealing with stress.   
Temperature can clearly affect ectothermic animals by impacting on their mitochondrial 
capacities for substrate oxidation and ADP re-phosphorylation (Portner, 2011). Mitochondrial 
capacities fall at lower temperatures, following a simple Q10 relationship and, conversely, 
they increase at higher temperatures, so tropical fish can increase their metabolic rates by 
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activating their mitochondrial capacity. There is evidence in this study that water temperature 
increased to 36oC, saw the beginning of a decline in growth performance (WG, DWG, and 
SGR) in comparison with 34oC, suggesting that thermal stress was becoming significant at 
this temperature and that some energy was now being diverted to coping with stress. It is 
impossible to determine however, whether the observed decline in growth rate from 34oC to 
36oC was due to temperature stress per se, or to the associated DO level. Lefevre et al. (2014) 
reported that hypoxic conditions can inhibit growth of tra catfish by:  reducing appetite; 
reducing assimilation efficiency (i.e. increasing FCR); and a shift in energy balance due to 
the requirement for increased surfacing activity for air breathing. In the current study, it was 
apparent that fish at 36oC had reduced appetite (compared with 34oC) although the DO values 
were not significantly different from those at 34oC. Therefore it is difficult to differentiate 
between temperature and DO related hypotheses with respect to the observed decline in 
growth rate at this higher temperature.  
Dealing with thermal stress in either lower temperature (24oC) or raised temperatures 
(30-36oC), was reflected in sampled individuals showing significant increases in 
hematological parameters including RBC, Hb and Hct (Table 3-4). Increased RBC, Hb and 
Hct are a common response to hypoxia or anoxia (Hedayati and Tarkhani, 2013) and to 
dealing with stress (Carvalho and Fernandes, 2006). When individuals were exposed to either 
low or raised temperature environments in this study, RBC, Hb and Hct levels were all 
significantly increased when compared with the ambient 27 oC treatment (Table 3-3). 
Hedayati and Tarkhani (2013) conducted a study to assess the effect of diazinon and 
deltamethrin on tra and indicated that under these stressful conditions, RBC, Hct and Hb were 
raised to increase oxygen-carrying capacity of the blood. Osmotic and thermic stress both can 
affect fish blood parameters including Hb, Hct and cortisol levels (Roche and Bogé, 1996). 
Temperatures can cause stress because increases in temperature decrease oxygen solubility in 
water and hence availability to fish (Cech and Brauner, 2011). The increase in quantity of red 
blood cells in treatments led to increases in Hb, Hct and MCH. The internal osmotic pressure 
was probably unchanged however so red blood cell volume and relative quantity of Hb in 
each red cell was not essentially affected by changes in water temperature. Tra catfish 
possibly respond to thermal stress by increasing RBC number that in turn increases Hb, Hct 
and MCH to ensure they meet higher oxygen demands (Table 3-4).  Tra therefore appear very 
suitable for high density culture as already observed by Phuong and Oanh (2010) and, in 
particular, they possess not only an air bladder for air breathing (Roberts and Vidthayanon, 
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1991), they also can respond by changing hematological parameters to deal with raised 
temperature stress ensuring higher oxygen demands can be met efficiently. However, 
although mean Hb concentration of fish in the 36 oC treatment were significantly higher than 
at 27 oC, RBC and Hct tended to decline after reaching a peak at 34 oC. These data show the 
limitations of hematological acclimation in thermal/oxygen demand stress response and these 
apparently reflect a tendency towards growth reduction in the 36 oC treatment.  
Average internal osmotic pressure for tra individuals was 267.19±31.09 mOsm (n=331), 
a level not significantly different from levels reported previous under normal freshwater 
conditions 269.03±16.70 mOsm (n=30) (one sample t-test, P > 0.05) (Nguyen et al., 2014b). 
Furthermore, plasma osmotic pressure in the experimental tra was not substantially different 
from other freshwater fishes, including bowfin (279 mOsm), carp (274 mOsm), or euryhaline 
steelhead trout (260 mOsm) (Evans, 2011). In the current study, temperature appeared to 
have no effect on plasma osmotic pressure of tra (Table 3-3, 3-4), and this result provides a 
similar conclusion to other studies on freshwater fish including Mozambique tilapia 
Oreochromis mossambicus (Fiess et al., 2007) and Mozambique tilapia hybrids O. 
mossambicus x O. urolepis hornorum (Sardella et al., 2004) that temperature has little effect 
on fish osmotic pressure; osmolality levels however, can change when combined with 
different salinity levels (Fiess et al., 2007; Sardella et al., 2004). A single study observed a 
temperature-related impact on common carp  plasma osmolality (Metz et al., 2003), however 
the authors could provide no clear explanation for their observation. 
When exposed to stress, fish will use more energy from food or glycolysis for 
swimming, regulation and respiration instead of growth, reproduction, and storage (Klein and 
Sheridan, 2008), thereby leading to increases in plasma glucose concentration. In the current 
study, at day 1, plasma glucose in high temperature treatments was mobilised at significantly 
higher levels than at 24 or 27oC, presumably to deal with thermal stress. Plasma glucose 
concentration has been reported to increase from hours to days under regulation of some 
stress response hormones including cortisol (Barton, 2000; Grutter and Pankhurst, 2000; 
Jentoft et al., 2005). 10% of fish in the 36oC treatment died within the first week resulting 
from low feed intake over early exposure days to tank environments and excessive 
expenditure of energy of fish for swimming activity (McKenzie, 2011), attempting to escape 
from high temperatures, or surfacing for air oxygen (Lefevre et al., 2014); glucose levels then 
declined in the high thermal environments (34 and 36oC) after 4 days. From day 7, 
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physiological responses of changing hematological properties, apparently caught up with 
oxygen demand or energy mobilisation for swimming activity, were regulated and fish 
acclimated to their surroundings resulted in no significant differences in plasma glucose 
concentrations.  
No studies have investigated IGF-1 level in tra to date. It is interesting to note that IGF-1 
level reported here of 19.07±4.48 ng/ml (n=283), was at least two to three times higher than 
that reported in other fishes including channel catfish, Ictalurus punctatus,  4.19±0.36 ng/ml 
(at 21.7oC) and 5.39±0.28 ng/ml (at 26.0oC) (Silverstein et al., 2000), and coho salmon 
Oncorhynchus kisutch, <8 ng/ml  (Shimizu et al., 1999). A number of studies have reported 
that there is a strong correlation between plasma GH and IGF-1 levels (Moriyama et al., 
2000) and high plasma IGF-1 levels was observed in fast growing fish (Beckman et al., 
1998). Data here show that temperature had no effects on IGF-1 levels in tra catfish juveniles 
(Table 3-3) although there were differences in growth performance among different 
temperature treatments. However, IGF-1 levels in high temperature treatments (32 and 34oC) 
significantly increased in the long-term measurements at day 14 and 28 (Table 3-5). This 
finding is consistent with previous studies by Beckman et al. (1998) and Larsen et al. (2001), 
where IGF-1 levels increase over a few weeks before returning to base levels.  
Conclusions  
Temperature has a clear effect on tra catfish survival rate, growth performance and short 
term stress responses. Water temperatures ≤24oC significantly impact survival rate and 
growth performance, and raised water temperature >34oC tend to inhibit fish growth rate. In 
this study, 34oC appeared to be the optimum temperature for tra catfish with no significant 
difference on FCR values in comparison with lower temperature conditions but producing 
faster growth rates. Temperatures across the thermal tolerance range in tra catfish do not have 
clear effect on fish osmoregulation or IGH-1 levels, but individuals do respond to rapid 
changes in temperature by increasing plasma glucose concentration. If average water 
temperature across the Mekong Delta do not decline below current levels or increase past 
34oC, tra catfish culture is not likely to experience any declines in productivity or efficiency.  
It should be noted however, that while some increase in water temperature would appear 
to be beneficial to tra culture performance, it would be unwise to rely on these data in 
isolation, particularly with respect to global warming. In association with temperature rise, 
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significant inundation of the MRD through marine incursion (sea level rise) has also been 
predicted (Nguyen et al., 2014b). It would be pertinent therefore, to investigate the interaction 
between these environmental factors, particularly with respect to tra culture.  
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Tables and figures 
Table 3-1. Environmental factors of experiment 
Environmental 
factors 
24 oC 27 oC 30 oC 32 oC 34 oC 36 oC Mean Normal pond 
condition* 
pH 7.90±1.22 8.04±1.15 8.14±1.05 8.06±0.89 7.94±0.68 8.06±0.61 8.02±0.96 - 
DO (mg/L) 4.94±1.32d 4.72±0.72cd 4.54±0.74bc 4.34±0.93b 3.58±0.92a 3.37±1.06a 4.25±1.12 6.4±2.0 
NH3 (mg/L) 0.11±0.06d 0.08±0.05c 0.07±0.04bc 0.04±0.03a 0.04±0.03a 0.06±0.05b 0.07±0.05 0.21±0.39 
Means±SD in row do not share the same letter are significantly different (p<0.05). 
*Result recorded by Bosma et al. (2009). 
 
  
75 
 
Table 3-2. Mean growth performance indices of tra catfish under different temperature treatments over a 56-day experimental trial. 
Treatment N Initial W (g) Final W (g) Survival (%) WG (g) LG (cm) DWG (g/day) SGR(%/day) FI (g/fish/day) FCR 
24o C  3 21.99±0.88ab 39.21±2.54d 70.37±3.39a 17.21±2.53a 0.83±0.13a 0.31±0.05a 1.03±0.13a 0.73±0.07a 2.40±0.49a 
27oC  3 20.23±1.76b 51.09±3.87bcd 97.78±2.22c 30.86±5.06b 2.64±0.68b 0.55±0.09b 1.66±0.25b 0.62±0.02a 1.15±0.19b 
30oC 3 20.88±2.05ab 50.68±9.49cd 91.85±7.14bc 29.79±7.70b 2.37±0.40ab 0.53±0.14b 1.57±0.21b 0.80±0.27ab 1.47±0.13b 
32o C 3 24.22±0.39a 61.22±4.95abc 90.37±5.13bc 37.00±4.73bc 3.00±0.85bc 0.66±0.08bc 1.65±0.13b 1.05±0.09b 1.59±0.16b 
34o C 3 22.09±0.89ab 75.52±4.99a 96.30±3.40bc 53.43±4.29d 4.73±1.81c 0.95±0.08d 2.19±0.07c 1.42±0.19c 1.49±0.16b 
36o C 3 23.85±0.30a 65.17±1.93ab 88.89±2.22b 41.32±1.81c 3.44±0.97bc 0.74±0.03c 1.79±0.05b 1.01±0.06b 1.37±0.12b 
Means±SD in same column that do not share the same letter are significantly different (p<0.05). 
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Table 3-3. Results of ANOVA analyses for effects of temperature on hematological 
parameters and plasma indicators over experimentation. 
 df Mean Square F P. 
     Red blood cell     
Treatment 5 1.735 5.664 <0.001
Time of collection 6 2.141 6.988 <0.001
Treatment x Times of collection 30 0.950 3.101 <0.001
Error  311 0.347  
     Hemoglobin    
Treatment 5 29.29 12.59 <0.001
Time of collection 6 54.09 23.25 <0.001
Treatment x Times of collection 30 7.086 3.05 <0.001
Error  314 2.327  
    Hematocrit    
Treatment 5 208.022 4.74 <0.001
Time of collection 6 113.113 2.577 0.019
Treatment x Times of collection 30 93.919 2.14 0.001
Error 284 43.89  
    Osm    
Treatment 5 444.454 0.468 0.800
Time of collection 6 918.607 0.967 0.448
Treatment x Times of collection 30 1090.18 1.148 0.278
Error 289 949.884  
    Glucose    
Treatment 5 0.008 2.35 0.041
Time of collection 6 0.014 3.892 0.001
Treatment x Times of collection 30 0.005 1.41 0.081
Error 292 0.004  
    IGF-1    
Treatment 5 6.785 0.416 0.837
Time of collection 6 229.29 14.059 <0.001
Treatment x Times of collection 30 9.522 0.584 0.961
Error 241 16.309   
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Table 3-4. Mean hematological parameters and plasma osmotic pressure of tra catfish under different temperatures.  
Parameter N/treat. 24 oC  27 oC  30 oC  32 oC  34 oC  36 oC  
RBCs (106 cells/mm3) 52-61 2.78±0.10bc 2.42±0.07a 2.79±0.07c 2.75±.011bc 2.87±0.09c 2.62±0.08ab 
Hb (g/ dL) 55-62 7.99±0.19bc 6.68±0.24a 7.97±0.20bc 8.21±0.27c 8.53±0.25c 7.52±0.31b 
Hct (%) 48-58 28.80±0.95ab 26.40±0.99a 29.41±0.84b 29.18±1.29b 32.23±0.77c 28.86±0.91ab 
Osmotic pressure (mOsm) 49-61 271.98±3.99 264.36±3.80 264.35±6.19 269.98±3.65 268.02±3.56 265.79±3.57 
Means±SE in same row that do not share the same letter are significantly different (p<0.05). 
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Table 3-5. Changes of IGF-1 levels (ng/ml) relating to temperature and time of collection in tra catfish.  
24 oC 27 oC  30 oC 32 oC 34 oC 36 oC 
Day 0 16.6±1.1Aa 17.2±1.2Aa 17.0±0.9Aa 16.5±1.7Aa 17.3±1.3Aa 16.3±0.5Aa 
Day 1 16.7±0.9Aa 17.8±0.6ABa 17.1±0.9Aa 19.8±1.9Aa 18.3±1.0Aa 20.7±2.1Ba 
Day 4 19.8±4.9Aa 18.1±1.0ABa 20.2±3.1ABa 17.9±1.2Aa 17.8±1.0Aa 19.0±1.0ABa 
Day 7 18.7±0.6Aa 20.3±3.8ABa 19.1±1.3ABa 19.8±1.1Aa 20.7±3.0ABa 20.5±2.0Ba 
Day 14 19.6±1.8Aa 22.1±2.0Ba 23.9±2.1Ba 26.4±2.7Ba 25.4±2.7Ba 20.6±1.0Ba 
Day 28 20.3±0.8Ab 19.3±0.4ABab 19.7±0.5ABab 20.6±0.5Ab 19.1±0.4Aab 18.5±0.3ABa 
Day 56 16.8±0.3Aa 15.8±0.5Aa 18.3±0.8Ab 16.2±0.3Aa 16.3±0.3Aa 16.5±0.5Aa 
Means±SE have the same capital letter in column and small letter in a row are not significantly different (p>0.05). 
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Figure 3-1. Changes of plasma glucose levels (g/L) relating to temperature and time of collection in tra catfish. Standard errors bars of the means 
(n=4-9) have different letter are significantly different (p<0.05). 
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Supplementary Material 
Materials and methods 
Three fish brain tissues/treatment/5 sampling times (Day 0, day 1, Day 4, day 14 and day 
56) were measured for GH gene expression. The method is similar to that outlined in the 
supplementary material section at the end of Chapter 2. 
Results and discussion 
Over a the 56 day experimental period, result showed that there was no significant effect 
of temperature on GH gene expression in tra catfish (Table 3-6) although there was an 
obvious relationship between water temperature and growth performance (Figure 3-2). 
Table 3-6. Results of ANOVA analyses for effects of temperature on GH gene expression 
over experimentation. 
 df Mean Square F P value 
GH gene expression     
Temperature 5 0.097 0.791 0.56
Time of collection 4 0.28 2.279 0.071
Temperature x Times of collection 20 0.114 0.928 0.556
Error  60 0.123  
In fish, some studies have reported that GH gene expression is correlated with growth 
traits (Gross and Nilsson, 1999; Kang et al., 2002) while in others, GH is associated with sex 
and reproduction (Forbes et al., 1994; Reinecke, 2010b), metabolism (Reinecke et al., 2005) 
and osmoregulation (McCormick and Bradshaw, 2006; McCormick, 2001). In the current 
study, over a 56 day experimental period, there was no significant effect of temperature 
detected, not only in fish plasma IGF-1 (Table 3-3) but also on GH gene expression (Table 3-
6). Surprisingly, tra catfish growth performance in this study was obviously improved by 
increased temperature, a result in agreement with some other recent studies (Buckel et al., 
1995; Imsland et al., 2001; Magnussen et al., 2008) and a number of studies have reported a 
relationships between temperature and growth hormone levels including for GH and IGF-1 
(Imsland et al., 2007). There was no significant effect of temperature on fish plasma IGF-1 
level and the expression of the GH gene, although there were significant differences in fish 
growth among experimental temperatures. Results indicate that raised temperatures likely 
improve fish appetite (Lefevre et al., 2014) or increase metabolic rate based on the thermal 
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growth coefficient effect (Schulte, 2011). However, longer experimental periods are required 
to verify this conclusion.  
 
Figure 3-2. GH gene expression patterns under different temperature conditions. 
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Chapter 4.  Effects of sublethal salinity and temperature levels and their 
interaction on growth performance and hematological and hormonal levels in tra 
catfish (Pangasianodon hypophthalmus) 
 
- Submitted in Aquaculture (2014).  Under review. 
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Preface to Chapter 4  
This research entails an investigation of the combined effects of increased temperature 
and salinity on tra catfish survival and growth. Values of parameters are largely dictated by 
predicted climate change influences on the Mekong River delta. This research is timely given 
the identification of the Mekong Delta as one of the three most susceptible regions to climate 
change across the world and the huge importance of the future sustainability of tra catfish 
culture for ensuring food security and a strong economy for the people of southern Vietnam.  
This trial was conducted to assess interaction between raised sublethal temperature and 
salinity on growth performance and stress response in tra catfish. The trial not only observed 
changes in growth and survival rates of fish under different combinations of sublethal salinity 
and water temperature conditions, but also assessed changes in hematological parameters, 
plasma glucose, plasma osmotic pressure, cortisol and IGF-1 concentration across 56 days of 
experiment. Fish brain and liver tissues were also collected in this trial to examine gene 
expression patterns. The published paper however, only presented survival rate, growth 
performance, hematological, plasma glucose concentration, osmotic pressure data in 
combination with cortisol and IGF-1 levels. Additional data from this study are presented as 
Supplementary Material.  
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Abstract 
Climate change predictions suggest that the aquatic environment in the Mekong River 
Delta will change significantly over the next several decades, primarily manifested as higher 
temperatures with extensive marine incursions. As such, this study was conducted to evaluate 
the effects of sublethal levels of temperature and salinity and their interaction (TxS) on 
growth rates and physiological responses of tra catfish (Pangasianodon hypophthalmus), a 
significant culture species in Vietnam. We aimed to assess the levels of tolerance and 
acclimation ability when individuals were exposed to simulated predicted conditions of 
climate change on fish farms in the Mekong Delta in southern Vietnam. Fish were acclimated 
over an appropriate time frame and then distributed randomly to nine treatment groups across 
combinations of three temperatures (25, 30, 35°C) and three salinities (0, 6, 12‰). Results 
showed that temperature, salinity and TxS all had significant effects on individual growth rate 
and feed conversion efficiency, with fish reared at 35°C and 6‰ salinity displaying the best 
growth (P <0.05), while also producing significantly superior FCR values in comparison with  
the majority of other treatments. Tra catfish were able to acclimate to changes in water 
temperature and salinity, by increasing their RBC and Hb concentrations. Internal osmotic 
pressure was salinity-dependent with significantly higher pressure seen when fish were 
exposed to 12‰ conditions when compared with other treatments, irrespective of 
temperature. Interaction effects among temperature, salinity and sampling time were 
identified for plasma glucose concentration, cortisol and IGF-1 levels. Glucose, cortisol and 
IGF-1 levels increased over the early phase of the experiment, then declined and stabilised 
for the remainder of the experiment. These results together suggest that moderate increases in 
water temperature and salinity do not impose a significant stress the tra used in this 
experiment. Therefore, it appears that the tra catfish industry is unlikely to suffer short-term 
negative impacts under predicted climate change scenarios, and performance may actually 
improve in conditions of 35oC-6‰.  
Keywords: tra catfish (Pangasianodon hypophthalmus), climate change, temperature, 
salinity, IGF-1, cortisol, osmolality.  
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Introduction  
Tra catfish (P. hypophthalmus) has become one of the most important cultured 
freshwater (FW) fish species in the Mekong River Delta (MRD) since artificial breeding was 
developed successfully in the mid-1990s (Bui et al., 2010). Since this time, significant 
advances have been made in culture techniques, fish processing technology, artificial diets 
etc. that have allowed total production of tra catfish to rapidly increase to over one million 
tonnes with products now exported to more than 130 countries, contributing an annual 
estimated export income of US$ 1.4 billion to the Vietnamese economy (De Silva and 
Phuong, 2011). The catfish culture industry also provides direct employment to more than 
180 thousand people in Vietnam, with the great majority of these being women, primarily 
engaged in the processing sector (De Silva and Phuong, 2011). Therefore, it has become a 
very important industry for the country that is currently prioritising developmental goals in 
the food security sector.  
Aquaculture in general in Vietnam, including the catfish culture industry, has been 
impacted by economic factors, natural disasters, global climate change and disease since the 
industry was developed (FAO, 2014). Recently, tra catfish production has declined and many 
farmers have had to reduce their production or even had to leave the industry (FAO, 2014). 
Fish production in Vietnam in 2013 reached 1.35 million tonnes, a level that declined 6% 
compared with 2012 (GlobeFish, 2014).  
According to the Intergovernmental Panel on Climate Change (2007), the MRD is one of 
three areas that is predicted to be severely affected by global warming and associated sea 
level rises. Predicted impacts of climate change affect important environmental factors 
including soil, water temperature and salinity, have also been identified as potential threats to 
this industry in the future. If this is the case, climate change will impact directly on catfish 
farming in the MRD as a result of fluctuations (increase) in water temperature and saltwater 
intrusion into low-lying farming areas. 
Studies have been carried out previously to assess the effects of salinity, temperature and 
their interaction on fish growth performance with some associated biochemical and 
physiological parameters investigated. Most studies however, were primarily undertaken in 
an attempt to improve culture performance, rather than from a concern about climate change 
effects. For example, growth performance and food conversion of juvenile turbot 
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(Scophthalmus maximus) were observed to improve by rearing individuals at intermediate 
salinities within the preferred upper temperature range (Imsland et al., 2001; Van Ham et al., 
2003). Zarejabad et al. (2010) reported that temperature had clear effects and caused changes 
in hematological parameters, plasma Ca2+ and the immune system of great sturgeon (Huso 
huso). Another study found that ion transport in the gill of striped bass (Morone saxatilis) 
changed when fish were transferred among freshwater, seawater and brackish waters 
(Tipsmark et al., 2004). Data from many other studies also found that growth rate, 
hematological parameters, hormonal levels, plasma ions and/or glucose concentrations of 
other fishes change with effects of fluctuations in the abiotic factors above (Boeuf and Payan, 
2001; Breves et al., 2011; Marshall et al., 1999; Tipsmark et al., 2009). All of these studies 
found that improvement in growth performance can be dependent on water temperature 
and/or salinity, but different species showed varying responses to these environmental 
parameters.  
As yet, tra catfish have not been examined for their response to salinity and temperature 
simultaneously. Given the predicted direction of climate change and the increasing 
importance of this species to food security in Vietnam and the country’s economy, the current 
study that evaluated the effects of these factors and their potential interaction on sublethal 
levels in this important culture species is very timely. Observations of impacts on growth 
performance in general, can (i) provide basic scientific data that can be used in future 
planning for tra catfish farming in the MRD, and (ii) in parallel, assess the potential for tra 
catfish to adapt to predicted future changes in water temperature and salinity that may result 
from climate change.  
Materials and Methods 
Experimental system and animals 
P. hypophthalmus (Siluriformes: Pangasiidae) juveniles (10–20 g) were obtained from 
an artificial seed production centre located in Can Tho City in the Mekong Delta, Vietnam. 
Individuals were held in 4 m3 FW tanks at the Faculty of Aquaculture and Fisheries, Can Tho 
University, Can Tho City. Test individuals were acclimated in lab condition over a two week 
period prior to experimentation at 25C (±1C). Tanks were equipped with a continuous 
supply of well aerated tap freshwater (0‰) and individuals were fed to satiation twice daily 
with a commercial catfish pellet (Aquafeed, 2 mm, 25% prude protein, Grobest & I-Mei 
Industrial). Photoperiod was set at 12L:12D across the experimental period.  
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Acclimation to raise water temperature and salinity 
Individuals (n=1350) were distributed randomly into 27 tanks (500 L) representing nine 
experimental treatments (three salinity treatments (freshwater, 6 and 12‰) for each of three 
temperature treatments (25, 30 and 35oC) by 3 replicates with 50 individuals per tank with an 
optimal density stock 150 individuals per m3 (Islam et al., 2006)). The sublethal ranges of 
these parameters, for both salinity and temperature, were selected based on results from prior 
studies (Nguyen et al., 2014b; Nguyen et al., 2015).  
Individuals in experimental tanks with raised temperature and salinity treatments were 
acclimated to their respective test environments prior to experimentation in a stepwise 
fashion using 2°C-2 ‰ daily increase in accordance with the method of Selong et al. (2001). 
Temperature was adjusted automatically using thermostats (Mennekes System, Germany). 
Salinity in experimental tanks was increased by adding predetermined amounts of deep sea 
water (collected from >100km offshore) into each tank to raise salinity to appropriate 
required levels. 
Experiment design  
The study was conducted over two experimental periods: (1) growth performance trial 
with a 56 day experimental period and (2) stress response trial with a 7 day period combined 
with data from trial 1:  
Trial 1: 1350 individuals were measured, weighed then distributed randomly into 27 
tanks (50 individual per tank) and allowed to acclimate to the new conditions. Survival rate 
(SR) and growth performance data were collected that included weight gain (WG, g), length 
gain (LG, cm), specific growth rate (SGR, % day-1), daily weight gain (DWG, g day-1) and 
feed conversion ratio (FCR) according to standard formulae used routinely as performance 
indicators in aquaculture nutrition studies (Bandyopadhyay and Das Mohapatra, 2009; 
Fagbenro and Arowosoge, 1991). Five individuals per tank were sampled at day 28 and day 
56 for hematological, biochemical, hormonal assays and osmoregulatory status that were 
used for assessing long term effects. Remaining fish were used to calculate survival rate and 
growth performance in each tank over the 56 day period. 
Trial 2: A further 1350 fish were distributed randomly to experimental tanks and allowed 
to acclimate. Individuals used for assessing short-term and long-term (data from trial 1) 
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effects on temperature, salinity and their interaction on hematological, biochemical and 
hormonal response and osmoregulatory status were sampled 5 times; before acclimation, after 
acclimation (day 0), day 1, day 4 and day 7. Five individuals were sampled per tank at each 
sample collection without replacement.  
Fish were fed twice daily at 0800 - 0900 hours and 1500-1600 hours using a commercial 
feed as described above. Fish were allowed to feed for one hour after which time individuals 
were assumed to have fed to satiation. Any remaining feed pellets were removed from tanks 
and counted so that mean food intake per individual per day could be recorded based on the 
number of fish remaining in each tank, with these data used to calculate FCR. Water in all 
tanks was aerated and replaced weekly by siphoning 20% from the bottom (to prevent 
significant changes in water temperature) and replaced with the appropriate saline water for 
the tank (6 and 12‰). Water quality was checked daily using a YSI Professional plus meter 
that measured dissolved oxygen (DO), pH and water temperature. Salinity levels in tanks 
were checked daily using an Atago Hand-Held Refractometer (2442-S/Mille, Japan). 2mL 
water samples from each tank were also collected and stored in 2mL plastic tubes at the time 
of each sample collection to measure ambient water osmotic pressure.  All acclimation and 
salinity treatments were exposed to a 12h:12h photoperiod for the duration of 
experimentation. 
Sample collection 
Sampled fish were taken from tanks using a hand net from 7am to 11am. Weight and 
length of individual fish were measured prior to immediate blood collection. The protocol 
involved covering an individuals’ head with a cool moist tissue to minimize stress 
(Snellgrove and Alexander, 2011) with blood samples collected within five minutes from the 
caudal vein using a 1 ml heparin-coated syringe (Becker et al., 2012). At least 500L of 
blood per individual was taken and transferred into 1.5 ml labelled plastic tubes.  
Hematological analysis 
Total red blood cell (RBC) count was determined manually in a 1:200 dilution of the 
blood sample in Natt-Herrick’s solution as a diluent stain using a Neubauer hemacytometer 
(Natt and Herrick, 1952). Microhematocrit tubes were centrifuged at 12000 rpm for 5 min to 
determine the hematocrit (Hct, %) (Larsen and Snieszko, 1961). Hemoglobin concentration 
(Hb, g dL-1) was determined using the cyanohemoglobin method; a 10L blood sample was 
90 
 
mixed with 2.5mL of Drackin reagent (Harikrishnan et al., 2003) with hemoglobin 
concentration of samples determined at 540nm using a Thermo spectrophotometer. 
Plasma analysis 
Remaining blood samples were centrifuged for 10 minutes at 4500 rpm at 4oC. 
Following this, plasma was separated and frozen and stored at -20oC for later analysis. 
Plasma IGF-1 and cortisol concentrations were determined using an IGF-1 ELISA kit (EIA-
4140, DRG Instruments GmbH) and Cortisol ELISA kit (EIA-1887, DRG Instruments 
GmbH). Assay procedures were as per the manufacturer’s instructions. Glucose levels (g L-1) 
in plasma samples were quantified using a standard glucose assay (Huggett and Nixon, 
1957). Osmolality levels (mOsm) were measured using a Fiske Associates Osmometer, 
Model 110. 
Statistical analysis 
Homogeneity of variance and confirmation to a normal distribution of each estimated 
variable were assessed. To determine differences in individual growth performance among 
treatments, a split plot design was used to test for significant main effects (temperature and 
salinity) and their interactions (fixed = temperature and salinity; random = replicated tank). A 
general linear model (fixed = salinity, temperature and sampling time; random = fish) was 
used to test for effect of temperature, salinity, time of sampling and their interactions on 
plasma osmolality, glucose concentration and hormone levels of fish over the 56 day 
experimental period. When significant differences among treatments where detected 
(P<0.05), the Duncan post hoc test was applied to identify where specific difference lay. All 
statistical tests were performed using IBM SPSS Statistic 21 with  = 0.05.  
Results  
Effect of temperature and salinity on fish growth rate 
Temperature (T), salinity (S) and their interaction (TxS) all had significant effects on 
individual fish WG, DWG, LG and SGR while survival rate was marginally affected by TxS 
(Table 1). However, the was no evidence for a TxS interaction with respect to the amount of 
food intake by individuals per day (FI) or the relative amount of food partitioned for growth 
(FCR). These variables were affected however, by the environmental factors independently 
(T for FI; T and S for FCR) (Table 4-1).  
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There was no significant difference in survival rate among treatments except for the 
35oC-0‰ treatment where there was approximately a 20-30% decrease in survival (P < 0.05) 
(Table 4-2). WG was affected by temperature; however this effect was differentially 
influenced by the various salinity levels. The 35oC-6‰ treatment showed significantly higher 
WG than all other treatments (P <0.05). While there were some trends seen with growth 
parameters correlated with temperature, the pattern of significant TxS interaction detected 
with WG was also observed with LG, DWG and SGR with the 35oC-6‰ treatment, generally 
exceeding other estimates (Table 4-2).  
For consumption and utilisation of food however, temperature and salinity affected feed 
intake and FCR estimates independently, with no indication of significant interactions (Table 
4-1). The best FCR estimates were associated generally with lower salinity levels while 
moderate temperature (30oC) appeared to negatively impact food conversion efficiency. Food 
intake was completely dependent on temperature (Table 4-1), the higher the temperature, the 
higher was the amount of food consumed daily (Table 4-2).  
Effect of temperature and salinity on hematological parameters  
Temperature had a clear effect on RBC counts while salinity did not impact the number 
of RBC counts in tra (P > 0.05), with no evidence for a significant interaction (Table 4-3). 
Generally, raised water temperature led to an increase in RBC number. Mean RBCs of  252 
sampled fish at 30oC and 264 sampled fish at 35oC were 1.64x106 and 1.67x106 respectively. 
These were statistically higher for fish at 25oC (1.57x106, n=256). RBCs in higher 
temperature treatments increased significantly in comparison with the 25oC treatment after 7 
days (Figure 4-1). In contrast, Hct values were affected significantly by salinity level during 
the experimental period (Table 4-3). Fish in the 12‰ salinity treatments showed a lower 
mean Hct value (29.11%, n=244) that was significantly lower than other salinity treatments, 
freshwater (33.68%, n=254) or 6‰ (33.71%, n=255), respectively (Figure 4-1). Hemoglobin 
concentrations were affected by temperature and changed over the experimental time period 
(Table 4-3). Hb concentration increased as temperature increased but values decreased from 
8.62 g dL-1 (6‰), 8.37 g dL-1 (freshwater) to 8.01 g dL-1 in the highest salinity treatment 
(12‰) (P > 0.05). 
Effect of temperature and salinity on physiological parameters 
Fish osmolality levels were affected by the interaction of temperature, salinity and time 
of sampling (Table 4-3). Generally, in the 12‰ treatments, plasma osmotic pressure of fish 
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was 318.32±32.73 mOsm (n=161), which was significantly higher than in either freshwater 
(259.86±18.59 mOsm) or 6‰ (255.31±27.33 mOsm) (Figure 4-2). A similar interaction was 
observed for plasma glucose level (Table 4-3). Glucose concentrations increased significantly 
at day 1 and then declined until the end of the experimental period. High glucose levels were 
observed in the 12‰ and 35oC treatment (Figure 4-3).  
Cortisol levels of fish plasma were also affected by temperature, salinity and sample 
time (Table 4-3). Two-way interactions were observed between T and S and between T and 
sampling time. This was a result of high cortisol levels observed in the high temperature 
treatment (35oC) at day 1, a level that then declined subsequently until the end of the 
experimental period (Figure 4-3). A similar trend was observed for IGF-1 levels in fish 
plasma; however, IGF-1 levels peaked at day 1 in most of treatments (Figure 4-3) and then 
later stabilised.  
Discussion  
It is widely accepted that environmental conditions in the MRD are likely to change 
significantly in the relatively near future (IPCC, 2013; Nguyen et al., 2014a) and these 
changes will be manifest as increases to both water temperature and salinity level. Of major 
concern currently, is how the fluctuation of these parameters may impact the tra culture 
industry and its future development. Recent studies on the effects of temperature (Nguyen et 
al., 2015) and salinity level (Nguyen et al., 2014b) along with results of the potential 
interaction between these two factors presented here, provide the first data for assessing 
impacts on the industry and how it could be better managed.  
Results from the study show clearly that water temperature, salinity and in most cases, 
their interaction had significant impacts on growth performance and other physiological 
responses of cultured tra catfish. Furthermore, the relatively rapid return of tra physiological 
parameters to resting conditions after 14 days, suggests a strong capacity for this species to 
acclimate to raised salinity and temperature conditions.  
In general, growth performance of this experiment was lower than in the experiement 
conducted to assess effect of salinity (Nguyen et al., 2014b) and temperature (Nguyen et al., 
2015). As the result was seen across all treatments in this experiment, including the control, it 
can only be assumed that these results were affected by the different tra catfish strains used 
(Sang et al., 2012). In Trial 1, it was evident that survival rates over the 56 day trial period 
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were generally well above 90% in all treatments except for the 30oC-12‰ and 35oC-
freshwater treatments (Table 4-2). Statistically, the 30oC-12‰ treatment (mean survival rate 
of 83%) was not significantly lower than the other treatments while the 35oC-freshwater 
treatments were different (mean survival rate of 70%) (Table 4-2). In a previous study, it was 
demonstrated that water temperature higher than 34oC negatively affected tra catfish survival 
(Nguyen et al., 2015). Other 35oC treatments in the current experiment were not negatively 
impacted as the freshwater treatment was. It would appear therefore that some other 
unidentified environmental factor has played a role in fish mortality here eg. disease possibly 
resulting from Ichthyophthirius multifiliis, a parasite which is temperature and salinity 
dependent (Aihua and Buchmann, 2001). High temperature has been demonstrated to 
promote development of I. multifiliis while salinities above 5‰ can totally inhibit its 
development (Aihua and Buchmann, 2001). Presence of disease was not confirmed however 
in this study, fish that did survive in the 35oC-freshwater treatment, displayed very good 
growth performance (generally the 2nd best treatment behind 35oC-6‰), indicating that raised 
temperature in isolation was unlikely to be the direct cause of mortality in this treatment. As 
such, data from this treatment were included in all analyses.   
The various 6‰ salinity treatments provided the best conditions for catfish weight gain 
and survival. A study of incubated tra catfish eggs in salinities of freshwater, 1, 3, 5, 7, 9, 11, 
13, 15, 17, and 19‰ demonstrated that embryos can develop and hatch in brackish water up 
to 11‰ (Do and Tran, 2012). At this salinity (6‰), which is just lower than the isosmotic 
point (Do and Tran, 2012; Nguyen et al., 2014b) showed that the energy budget for ion 
osmoregulation declined. Relatively low salinity conditions from 2 to 10‰ provided optimal 
conditions with high survival rates and good growth performance for tra catfish fingerlings 
(Nguyen et al., 2014b). At 25oC, increasing salinity level generally resulted in increased 
FCRs, while WG and growth rates were not impacted. In general, the higher the salinity 
level, the higher were recored FCR values (Table 4-2). The same trend was evident in the 
30oC and 35oC treatments. This suggests that dealing with stress response in raised salinities 
requires greater energy than the stress created by higher water temperatures. In the current 
study, FCR values at raised temperatures combined with raised salinity treatments were 
higher than in the control treatment (P<0.05, Table 4-2). The two treatments tested here 
showed significantly higher WG and growth rates compared with the control (25oC-0‰), 
with approximately the same FCR values that were evident in the 35oC-6‰ and 35oC-
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freshwater treatments. German (2011) reported that food intake by fish is not affected solely 
by dietary quality, but can also be influenced by temperature and other environmental factors.  
Salinity, temperature and the complex interaction between the two factors can affect 
food intake, FCR, metabolic rate and hormonal levels of fish. Blood Na+ concentration, 
osmotic pressure, glucose level, cortisol level and Na+/K+-ATPase activity of chloride cells in 
fish can all change when individuals are exposed to different salinity levels (Marshall et al., 
1999; Tipsmark et al., 2004). Boeuf and Payan (2001) also showed that the energy dedicated 
to osmoregulation is important and suggested that it needs to be considered when examining 
salinity and temperature interactions in fish. Here, it was apparent that under raised 
temperature and salinity conditions, fish consumed more food than the control, and WG and 
growth rates increased accordingly. Part of the energy is used to osmoregulate (e.g. fish at 
25oC-12‰ showed double the FCR compared with the control at 25oC-freshwater treatment, 
but WG and growth rates were not significantly different (Table 4-2)).  
Hematological data in the current study for tra catfish clearly show that acclimating 
individuals to changing environmental factors can in part explain growth performance 
indicators. DO measurements showed that increasing water temperature from 25, 30 to 35oC 
led to declining DO levels in tanks in the morning from 4.66±0.10 mg L-1 (n=329), 3.63±0.10 
mg L-1 (n=332) to 3.47±0.09 mg L-1 (n=336), respectively (P <0.05). While DO levels were 
slightly raised in all treatments by the afternoon measurement, they were significantly 
different among temperature treatments. Catfish could apparently acclimate quickly however 
to the new environment via an increase in hematological indicators. RBC number was 
correlated possivetely with increased temperature (Table 4-3). When water temperature had 
reached 35oC, RBCs were highest, and were significantly greater than in the 25oC treatments 
(P <0.05), irrespective of salinity levels (Figure 4-1). Hb concentration also increased in fish 
blood, presumably to deal with a perceived temperature stress ensuring higher oxygen 
demands could be met efficiently (Pörtner et al., 2001; Roche and Bogé, 1996). Hb 
concentration rose gradually corresponding with temperature increases; Hb concentrations in 
the ≥30oC treatments were higher than 8 g dL-1, and also significantly higher than the control 
treatment 25oC (P <0.05) suggesting that tra catfish can quickly acclimate to reduced DO 
which results from increased water temperatures. In the current study, Hct of fish blood in all 
12‰ treatments, regardless of temperature, were significantly lower than in the 0‰ and 6‰ 
treatments over the experimental period (P <0.05, Figure 4-1). 12‰ likely created an external 
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hyperosmotic environment where 9‰ is the iso-osmotic point (Do and Tran, 2012; Nguyen et 
al., 2014b); this affected fish plasma osmotic pressure, in turn affecting red blood cell 
volume.  
The physiological responses evident in the treatments here can also explain plasma 
osmotic pressure, cortisol, glucose and IGF-1 levels. Internal osmotic pressures in the 
treatments were significantly affected by changing external environments. Varsamos et al. 
(2005) reported that most freshwater fish need to regulate their blood osmolality within the 
280-360 mOsm/kg range to maintain homeostasis and iso-osmotic salinity in freshwater fish 
normally ranges from ~10-12‰ (Varsamos et al., 2005). In the current study, no significant 
differences in plasma osmotic pressure were observed for the FW (0‰) and 6‰ treatments 
(Figure 4-2) and the mean osmotic pressure in these treatment was 257.6±1.3 mOsm (n=322), 
a level significantly higher than reported in the study by Do and Tran (2012) under 
freshwater conditions, 225 mOsm (one sample T test, P <0.05). Plasma osmotic pressures in 
the 12‰ treatments were all significantly higher than under lower salinity conditions (Figure 
2) and mean osmotic pressure in these treatments, 318.6±2.6 mOsm (n=161) was also higher 
than the iso-osmotic pressure point reported in the study by Do and Tran (2012) (one sample 
T test, P  <0.05).  
Increasing external environmental salinity obviously affected osmoregulatory capacity of 
fish and so they required more energy to maintain Na+/K+-ATPase activity in their  chloride 
cells (Marshall et al., 1999). This was achieved by secreting cortisol and IGF-1 (McCormick 
and Bradshaw, 2006; McCormick, 2001). Under normal temperature conditions at 25oC and 
30oC, raised salinities in the external environment produced higher plasma glucose levels 
over the early phases of the experimental period (Figure 4-3). There was also a trend for 
increasing plasma cortisol and plasma glucose concentrations in 25 and 30oC treatments 
where mobilisation of glucose in the plasma is controlled by a complex of hormones with 
cortisol playing an important role in that process within hours after exposure to stressful 
conditions (McCormick, 2011; Wendelaar-Bonga, 1997, 2011). Cortisol levels increased with 
temperature and salinity over the early phases of the experiment which resulted in an 
observed increase in plasma glucose (Figure 4-3). In the 35oC treatments however, cortisol 
increased in the 35oC-6‰ and 35oC-12‰ treatments but this was not associated with plasma 
glucose concentration on day 1. Plasma glucose therefore, was likely mobilised for dealing 
with stressful conditions in the first day of the experimental period.  
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Energy and food is used to maintain metabolism, growth, reproduction and storage 
(Sheridan, 2011) and under stressful conditions, fish must consume more food or mobilise 
more energy from other processes (e.g. growth) to deal with any perceived stress (Tort, 2011; 
Tort and Teles, 2011). In the current study, significant effects of temperature and salinity 
were evident over the experimental period for IGF-1 levels with the general trend suggesting 
that this hormone plays a role as a stress response indicator. IGF-1 levels increased 
dramatically at day 1 in all treatments in comparison with the control treatment. This suggests 
that thermal stress or stress caused by raised salinity was detected by fish and they responded 
by secreting a significantly higher level of IGF-1, not only to increase metabolic rate under 
raised temperature conditions (Portner, 2011), but also to stimulate proliferation and 
morphology of chloride cells in their gill tissues during salinity acclimation. This process is 
controlled by cortisol, prolactin and GH/IGF-1 (McCormick, 2001). Interestingly, the IGF-1 
levels for the remainder of the experimental period in the 35oC treatments (e.g. 35oC-
freshwater and 35oC-6‰) were not significantly different from the control treatment although 
fish in this treatment grew faster with no difference in FCR value (Figure 4-3). Differences in 
growth performance and FCR should result in increased metabolic rate cause by temperature 
and less osmotic stress.    
McCormick (2011) and Wendelaar-Bonga (2011) reported that stress hormones can be 
excreted hours or days after exposure depending on individual of responses and pathways 
(e.g. cortisol release starts after five minutes and declines after hours based on observations 
of carp, Cyprinus carpio) (Wendelaar-Bonga, 2011). Cortisol levels in tra plasma at the 
highest temperature combined with 6 and 12‰ salinity treatments were significantly higher 
than in the control treatment and most of other treatments over the experimental period 
(Figure 4-3). While cortisol levels in the 30oC-12‰, 35oC-6‰ and 35oC-12‰ treatments 
were higher on day 1 (Figure 4-3) and then declined over subsequent days, individuals in 
these treatments could apparently acclimate to these conditions. While cortisol levels were 
also significantly higher than in the control treatment at day 28 and 56, growth rates at these 
raised temperatures remained consistently high. These results indicate that fish in high 
temperature conditions, while still apparently perceiving stress, displayed superior growth 
rates. It is obvious that increased growth rate in these treatments was a function of an 
increased daily consumption rate of food associated with increased metabolism (Table 4-2) in 
comparison with the control treatment (Schulte, 2011). The 35oC-6‰ treatment created the 
optimum conditions for fish growth, probably as a result of high temperature promoting an 
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effective metabolic rate together with moderate salinity presenting a relatively low energy 
cost for osmoregulation. Fish consumed higher amounts of food daily, grew faster, with no 
significant difference in FCR value in comparison with conditions currently accepted as 
standard in the MRD (the control treatment). 
Conclusions 
Temperature, salinity and their interaction have clear effects on growth performance and 
physiological parameters in tra catfish. Tra catfish can acclimate to low dissolved oxygen 
levels at high temperatures by increasing their RBCs and Hb concentrations. When 
environmental salinity conditions are intermediate (6‰), tra catfish showed better WG, and 
growth rates than in other treatments without any significant increase in FCR value compared 
with control at 25oC-freshwater. Fish plasma osmotic pressure increased when external 
environmental salinity reached 12‰ and plasma glucose level also increased when water 
salinity was 12‰ at control temperature or when temperature increased. Cortisol and IGF-1 
levels both increased over the early phases of the experiment, while cortisol levels at higher 
temperatures combined with higher salinity level were maintained across the whole 
experiment. IGF-1 levels increased on day 0 and day 1 of the experiment and then stabilised 
and remained low. While in general IGF-1 levels generally were not different among 
treatments across the 56 days of the experiment, higher water temperature increased fish 
metabolic rates and so as long as environmental salinities do not exceed 6‰, the catfish 
culture industry in unlikely to experience negative effects of raise water temperature below 
35oC. In conclusion, if temperature in the future increases to 35oC, tra catfish culture regions 
can be investigated along the lower stream regions of the Mekong River where salinity levels 
are  predicted to be around 4-10‰ (Nguyen et al., 2014a). In these regions under the 
conditions identified here, tra catfish have the ability to acclimate by adjusting their 
hematological parameters and can show higher survival rates with better growth performance 
and FCR values.  
Acknowledgements  
We would like to thank the Faculty of Aquaculture and Fisheries, Can Tho University 
for use of their aquaculture and lab facilities, Queensland University of Technology and 
Australian Development Scholarship to Nguyen Trong Hong Phuc for supporting and 
sponsoring this research.  
98 
 
Tables and Figures 
Table 4-1. Results of ANOVA analyses for effects of temperature, salinity and their 
interaction on fish growth performance indicators after 56 days of experimentation. 
Dependent Variable Factors df Mean Square F P 
Survival rate Temperature 2 0.034 3.507 0.052
 Salinity 2 0.013 1.382 0.277
 Temperature x Salinity 4 0.031 3.199 0.038
WG Temperature 2 94.629 27.799 <0.001
 Salinity 2 37.355 10.974 0.001
 Temperature x Salinity 4 16.905 4.966 0.007
LG Temperature 2 3.807 20.756 <0.001
 Salinity 2 0.439 2.392 0.12
 Temperature x Salinity 4 0.831 4.531 0.01
DWG Temperature 2 0.03 27.825 <0.001
 Salinity 2 0.012 11.037 0.001
 Temperature x Salinity 4 0.005 4.969 0.007
SGR Temperature 2 0.57 25.074 <0.001
 Salinity 2 0.258 11.367 0.001
 Temperature x Salinity 4 0.087 3.818 0.02
FI Temperature 2 0.112 35.519 <0.001
 Salinity 2 0.009 2.886 0.082
 Temperature x Salinity 4 0.003 1.036 0.416
FCR Temperature 2 3.214 10.908 0.001
 Salinity 2 4.858 16.488 <0.001
 Temperature x Salinity 4 0.593 2.013 0.136
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Table 4-2.  Effects of temperature, salinity and their interactions on fish growth performance indicators over a 56 day experiment. 
Treatments Initial W (g) Final W (g) 
Survival 
(%) 
WG (g) LG (cm) DWG (g day-1) SGR (%day-1) FI (g day-1) FCR 
25oC-0‰ 13.04±0.09ab  19.86±0.69abc 95.0±5.0b 6.82±0.66a 1.49±0.61ab 0.12±0.01a 0.75±0.06ab 0.24±0.04a 1.97±0.18a 
25oC-6‰ 12.68±0.34a 19.35±0.24ab 99.3±1.2b 6.67±0.34a 0.85±0.14a 0.12±0.01a 0.75±0.04ab 0.28±0.02ab 2.40±0.28ab 
25oC-12‰ 12.95±0.36a 17.45±1.63a 98.7±1.2b 4.49±1.46a 0.73±0.25a 0.08±0.03a 0.53±0.15a 0.30±0.02abc 3.98±1.08cd 
30oC-0‰ 12.62±0.20a 20.05±2.19abc 98.7±1.2b 7.43±2.21ab 1.38±0.44ab 0.13±0.04ab 0.82±0.20bc 0.38±0.04bcd 3.04±0.80bc 
30oC-6‰ 13.14±0.37ab 19.52±0.88ab 93.7±4.0b 6.39±1.24a 1.27±0.31ab 0.11±0.02a 0.71±0.13ab 0.42±0.06d 3.71±0.25cd 
30oC-12‰ 12.80±0.20a 18.05±0.89a 83.0±25.2ab 5.25±0.98a 1.35±0.44ab 0.09±0.02a 0.61±0.10ab 0.40±0.03cd 4.33±0.50d 
35oC-0‰ 12.65±0.22a 23.16±3.32c 70.0±12.2a 10.52±3.37b 1.87±0.28b 0.19±0.06b 1.07±0.26c 0.46±0.06d 2.55±0.48ab 
35oC-6‰ 12.75±0.11a 29.60±2.92d 93.7±4.0b 16.85±2.88c 3.11±0.78c 0.30±0.05c 1.50±0.17d 0.57±0.12e 1.89±0.20a 
35oC-12‰ 13.66±0.85b 21.64±0.35c 92.7±4.0b 7.98±0.97ab 1.83±0.20b 0.14±0.02ab 0.82±0.12bc 0.46±0.05d 3.26±0.38bc 
Means±SD in the same column that do not share the same letter are significantly different (Duncan, P<0.05). 
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Table 4-3. Results of ANOVA analyses for effects of temperature, salinity, day of sampling 
and their interaction on hematological, plasma and hormonal indicators over 56 days of 
experimentation. Only the highest order interactions that are significant for each dependent 
variable are shown. 
Dependent 
Variable Factors df Mean Square F P 
RBCs Temperature 2 1.568 11.828 <0.001
 Time 5 0.541 4.078 0.001
 Error 718 0.133    
Hct Salinity x Time 10 0.006 2.882 0.002
 Error 699 0.002  
Hb Temperature 2 59.682 29.336 <0.001
 Time 5 8.343 4.101 0.001
 Error 745 2.034  
Osm Temperature  x Salinity  x Time 20 2116.403 3.97 <0.001
 Error 429 533.085  
Glucose Temperature  x Salinity  x Time 20 0.042 4.471 <0.001
 Error 432 0.009  
Cortisol Temperature x Salinity  4 468.477 3.043 0.017
 Temperature x Time  10 652.077 4.235 <0.001
 Error 431 153.964  
IGF-1 Temperature  x Salinity  x Time 20 35.091 2.439 0.001
 Error 432 14.389  
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Figure 4-1. Hematological response under different temperature and salinity conditions. 
Bars+SE with no letters or bars that have the same letter within sampling day are not 
significantly different (Duncan, P >0.05). 
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Figure 4-2. Mean plasma osmotic pressure under different temperature and salinity conditions. Bars (+1SE) with the same capital letter within 
each treatment and lower case letter in same sampling day are not significantly different (Duncan, P >0.05). 
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Figure 4-3. Physiological indicators (Glucose conc., Cortisol & IGF-1) under effects of temperature, salinity and their interaction. Bars (+1SE) 
with the same capital letter within each treatment and lower case letter in same sampling day are not significantly different (Duncan, P >0.05). 
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Supplementary Material 
Materials and methods 
Three fish brain tissues/treatment/5 sampling times (Day 0, day 1, Day 4, day 7 and 
day 56) were measured for GH gene expression. The method applied was similar to the 
supplementary material provided at the end of Chapter 2. 
Results and discussions 
Salinity significantly affected GH gene expression patterns over the 56 day 
experimental period (Table 4-4) while there was no significant effect of temperature nor 
was there an interaction between salinity and temperature on tra catfish GH gene 
expression levels. In addition, the quantity of mRNA under the high salinity level (12‰) 
was significantly higher than other in treatments excluding the 25oC-freshwater treatment 
(Figure 4-4).  
Table 4-4. Results of ANOVA analyses for effects of temperature salinity and their 
interaction on GH gene expression.  
 df Mean Square F P value 
Temperature  2 0.159 1.442 0.240
Salinity  2 1.427 12.904 <0.001
Temperature x Salinity  4 0.105 0.946 0.440
Error 126 0.111  
The observed relationship between growth, growth hormone and GH gene expression 
was quite complex. It has been suggested that to gain deeper insight into fish growth with 
respect to endocrinal regulation, the endocrine factor (eg. GnRH) and gene regulation 
should be invested together (Ágústsson et al., 2001; Björnsson et al., 2002). In the current 
study, results showed that the GH gene was highly expressed in high salinity conditions 
(12‰) while the lowest expressions were observed in 6‰ treatments irrespective of 
temperature. In parallel, IGF-1, a hormone regulated by GH, increased early in the 
experiment (to day 1) in fish exposed to their respective experimental conditions and then 
declined after that. These results were in agreement with research outcomes of Ágústsson 
et al. (2001) that showed GH/IGF-1 plasma levels will not always increase when there was 
an increase in GH mRNA and total pituitary GH. Plasma levels are the result of secretion 
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and clearance rates and changes in circulating levels can be due to changes in either 
parameter (Gray et al., 1990). 
 
Figure 4-4. GH gene expression patterns under different temperature and salinity 
conditions. MeansSE with the same letter are not significantly different (P>0.05) 
The marked increase in GH mRNA level in the 12‰ treatments suggests GH 
synthesis was activated when fish were subjected to osmotic stress (McCormick and 
Bradshaw, 2006; McCormick, 2001). While there was an interactive effects of temperature 
and salinity on fish growth with increased temperature leading to increased growth rate 
(Table 4-1, 4-2), increases in salinity led to a negative impact on FCR, indicating that fish 
must consume more food for dealing with osmotic stress. Björnsson et al.(2002) reported 
that the degree of physiological activation of the GH/IGF-1 axis does not have to be 
reflected in the plasma GH levels, and the effect of GH on growth is a complex process 
regulated by both nervous system and endocrine system. Here, GH gene expression was 
not reflected in plasma IGF-1 levels and it was also not reflected in growth performance in 
tra catfish under varying conditions of temperature and salinity. While GH was synthesised 
in high levels in increased salinity for dealing with osmotic challenge, significantly higher 
growth rates in high temperature conditions with insignificant differences in IGF-1 levels 
were likely a result of the thermal growth coefficient effect where an increase in 
temperature leads to an increase in metabolic rate.  
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Chapter 5.  General Results and Discussion 
1. General result of the project 
Growth is a complex process and depends on many factors including effects of food 
intake, predators,  and external environmental factors (Wendelaar-Bonga, 2011) such as 
photoperiod (Wendelaar-Bonga, 2011), temperature (Carriquiriborde et al., 2009), salinity 
(Sampaio et al., 2002; Tandler et al., 1995; Tipsmark et al., 2004), and their interaction 
(Elsdon and Gillanders, 2002; Imsland et al., 2001; Kemp, 2009). In general, control of 
food intake involves interactions between the brain and signals from the peripheral 
environment, including sensory information as well as signals conveyed via the blood 
(hormone and nutrient molecules). These factors in combination either stimulate or inhibit 
food intake. In study 1, growth rates of fish in salinity treatments above 14‰ were 
significantly lower than in all other treatments even though individuals consumed larger 
amounts of food to gain a unit of body weight. This indicates that most of the food 
(energy/matter) consumed was used for maintenance instead of growth, reproduction or for 
storage (Wendelaar-Bonga, 2011) under high salinity conditions. While McCormick 
(2001) found that plasma GH/IGF-1 plays an important role promoting differentiation of 
chloride cells in fish gills, when freshwater fish were exposed to seawater, data here show 
that plasma GH concentrations increased significantly over the early phases of 
experimental period (Figure 2-2), in particularly, occurring in high salinity treatments (14 
and 18‰). This indicates that in freshwater and in moderate salinities, GH stimulates body 
growth, and in high salinity levels in contrast, GH was used for function differentiation of 
cells, for ion transporters or for osmoregulation. GH then declined from day 7 and 
stabilised until end of experimental period. These results suggest that acclimated tra catfish 
can cope with changes in external environmental salinity conditions up to 18‰ and 
support results contributed by McCormick and Bradshaw  (2006) that showed that 
GH/IGF-1 levels and certain other hormones increased over the acclimation phase (in 
days), after which they declined and then stabilised to control levels (in weeks). 
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Figure 5-1. Effect of salinity on fish growth performance and GH concentration in study 1. 
Bars with similar letters were not significantly different (Duncan, P>0.05). 
In a similar way, water temperature had no significant effect on tra catfish IGF-1 
levels in trial 2, with hormone concentrations changing with time over a delayed cycle in 
comparison with GH (Table 3-3). IGF-1 levels gradually increased and were significantly 
different between day 0 and day 7, then reached a peak at day 14, after which they declined 
to day 28, returning to levels not significantly different from day 0 by the end of the 
experiment. This result also confirms results presented by McCormick and Bradshaw 
(2006) and suggests that IGF-1 levels among treatments were not affected by the test 
temperatures. In contrast, differences in fish growth rates among treatments were affected 
by temperature apparently related to relative metabolic rates (Lermen et al., 2004; Schulte 
et al., 2011) and food intake (Burel et al., 1996). The highest SGR achieved in the 34oC 
treatment was approximately double the lowest SGR seen in the 24oC treatment.  In 
addition, while fish consumed more food in the 24oC treatment, they also showed the 
poorest SGR; fish in the 34oC treatment had FCR values not significantly different from all 
other treatments (except for at 24oC) but showed the highest SGR. This result parallels 
work by Portner (2011) who showed that temperature can affect ectothermic animals by 
having an impact on their mitochondrial capacity for substrate oxidation and ADP re-
phosphorylation. Mitochondrial capacities decline at low temperatures, following a simple 
Q10 relationship (Portner, 2011) and, conversely, they increase with raised temperatures. 
As a response, tropical fish can increase their individual metabolic rates by activating 
mitochondrial capacity. 
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Interactive effects between temperature and salinity on growth performance, FCR, 
hormone levels and other physiological responses have been assessed in some earlier 
studies (Buckel et al., 1995; Imsland et al., 2007; Imsland et al., 2001). These studies were 
primarily undertaken in an attempt to improve fish performance in culture rather than as a 
result of concern regarding climate change issues. For example, individual growth 
performance and food conversion rate of juvenile turbot (Scophthalmus maximus) were 
observed to improve when they were reared at intermediate salinities in the upper preferred 
temperature range (Imsland et al., 2001; Van Ham et al., 2003). In the current study, the 
highest SGR was observed in the 35oC-6‰ treatment, which was significantly higher than 
in all other treatments (Table 4-2). While FCR values were related to temperature and 
salinity, they were not affected by the interaction between the two factors (Table 4-1). The 
highest salinity condition produced the poorest FCR value (p<0.05), while no significant 
difference was evident for FCR values at 0 and 6‰. Together, 35oC-6‰ produced the best 
condition for tra catfish growth while also providing the best FCR value. While differences 
in SGR and FCR values among treatments were evident for interactive effects of 
temperature and salinity, plasma IGF-1 levels among treatments in study 3 were not 
significantly different (Table 4-1).  
While effects of temperature, salinity and temperature-salinity interactions on teleost 
growth performance have been examined before, relationships between body growth, IGF-
1 levels and expression of GH gene in teleosts are still poorly known. In the current study, 
changes in GH gene expression under effects of different sublethal temperatures, salinities, 
and their interaction were investigated in the three experiments to determine the 
relationship between the amounts of GH mRNA extracted from fish brain tissues to plasma 
GH and plasma IGF-1 concentrations. Results showed that under the higher salinity 
treatments (14 and 18‰), higher amounts of GH were expressed over a 56 day 
experimental period in study 1 (Chapter 2). While total GH mRNA levels in the high 
salinity treatment were significantly greater, plasma GH levels in fish were not 
significantly raised (Study 1). This result is in agreement with results achieved by 
Ágústsson et al. (2001) that showed GH mRNA quantity, plasma GH and plasma IGF-1 in 
Atlantic salmon Salmo salar, all changed with time of collection over the year but these 
three parameters did not show any close relationship. Another study reported that GH 
secretion can often follow a diurnal rhythm (Björnsson et al., 2002). Therefore, GH gene 
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expression, GH and IGF-1 levels should be examined together to assess factors that affect 
fish response.  
In studies 2 and 3, temperature did not have a significant effect on tra catfish GH gene 
expression (Table 3-6 and Table 4-4) while there was a significant effect of salinity on GH 
gene expression in study 3 (Table 4-4). No evidence was detected however, for an 
interactive effect between temperature and salinity on GH gene expression. GH gene 
expression increased in the 12‰ treatment and was significantly different from the other 
two salinity treatments, irrespective of temperature (p<0.05). Gomez at al. (1999) reported 
that plasma GH level and pituitary changes are related to many complex processes but not 
to sexual maturation as there was only a weak relationship observed between GH and 
gonadotropin levels. Other studies have suggested that IGF-1 can inhibit GH gene 
expression from the pituitary gland via a negative feedback loop, a result demonstrated in 
rainbow trout (Pérez‐Sánchez et al., 1992) and European eel (Huang et al., 1998). In the 
current study, temperature, salinity, and their interaction in all 3 studies showed no 
significant effect on plasma GH or IGF-1levels; while GH gene expression levels in high 
salinity treatments (>12‰) were significantly above other treatments. These data together 
indicate that GH/IGF-1 is important in freshwater fish exposed to high sublethal salinity 
conditions where GH synthesis and secretion increases. This response can promote 
seawater chloride cell differentiation that is needed by individuals to enhance acclimation 
to raised salinity conditions. 
2. General discussion    
The tra catfish industry in Vietnam is one of the most important industries that 
contribute to Vietnam's modern economy and this industry has received major attention 
and investment from the national government. The magnitude of the tra catfish industry 
and its socioeconomic importance to Vietnamese people and the international food fish 
trade are now self-evident and a number of factors relevant to the industry have been 
addressed over the past 10-12 years, notably: (1) development trends (Phuong and Oanh, 
2010); (2) farming and management practices (Bui et al., 2010; Phan et al., 2009); (3) 
technological developments (Cacot et al., 2002; Crumlish et al., 2002); (4) environmental 
impacts (Bosma et al., 2009; Nguyen et al., 2014b; Nguyen et al., 2015); (5) 
socioeconomic and policy aspects (Belton et al., 2011); and (6) trade issues (Duc, 2010). 
The current study focussed on environmental factors that have a high probability of 
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impacting this industry over the coming decades. In particular the study investigated the 
probable response to effects of changing temperature and salinity regimes under predicted 
climate change scenarios that will likely impact the MRD in southern Vietnam where the 
majority of the tra catfish culture industry is based. In parallel, the study aimed to identify 
optimum salinity and temperature conditions for tra catfish growth, and therefore to assess 
what impacts, if any climate change predictions will have in respect of the target species’ 
ability to acclimate and ultimately adapt to the predicted changes.  
2.1. Tra catfish cultured areas 
Tra catfish farms are currently mostly located along the lower Mekong River region in 
Vietnam and are largely confined to An Giang, Dong Thap, Vinh Long and Can Tho 
provinces (Figure 1-5) (De Silva and Phuong, 2011). There are however, new regions 
developing catfish culture in particular eastern provinces that include; Hau Giang, Tien 
Giang and even coastal areas such as Soc Trang, Tra Vinh and Ben Tre. These new 
developments need to be planned carefully and to consider data collected in the current 
study because (1) effects of temperature/salinity on tra catfish survival; (2) tra catfish 
disease and (3) growth performance under  impacts of temperature/salinity will all be 
affected by variation in location and local conditions.  
Salinity, temperature and possibly the interaction between these environmental 
variables all have been shown to have significant effects on tra catfish survival under 
laboratory conditions in the current study. Tra catfish survival rates were affected 
negatively when salinity reached 18‰ (in Chapter 2) in comparison with all lower salinity 
treatments. Survival rates were also affected by temperature when water temperature 
declined to below ambient temperature (i.e. 24oC – see Chapter 3) or was raised to 39oC 
(determined in a pilot study for Chapter 3). Differential survival largely disappeared 
however, once sublethal ranges for both salinity and temperature were established (i.e. 0-
12‰; 25-35oC) for the study in Chapter 4. While a significant difference was observed for 
this variable, it was argued that some other factors (other than temperature or salinity, eg. 
disease) were the likely cause of reduced survival at 35oC-0‰.  
While results here suggest that moderate increases in both temperature and salinity 
will not adversely affect tra survival in culture, certainly within the forecast ranges for the 
next century, it will still be appropriate to consider both factors in parallel when providing 
advice to farmers for strategic planning for tra culture development. Salinity level data 
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recorded in coastal regions of the MRD (Tra Vinh, My Tho, Song Doc, and Tan An) 
showed maximum salinity conditions in 2005 and reached 10‰ and the highest average 
salinity level of 13‰ was observed in Song Doc, a district of Ben Tre Province (Nguyen et 
al., 2014a). A predicted scenario for an approximate +75cm sea level rise will result in 
salinity intrusion into these regions (Figure 1-7) leading to increased salinity, possibly to 
lethal levels. As tra catfish culture ponds are designed to be relatively deep, there is a need 
for considerable water mixing supported by a continuous water exchange from the Mekong 
River (Kam et al., 2012). Raised salinity levels beyond approximately 14‰ therefore, 
would require significant technological and associated financial input to maintain optimum 
salinity levels.  
While raised temperature and salinity within a suitable range my not directly impact 
survival rates, changes to these factors may indirectly affect survival by modifying 
virulence of disease. Diseases of farmed tra catfish have been identified to be one of the 
key factors likely to impact future development of the industry (De Silva and Phuong, 
2011). In general, climate warming can increase pathogen load and reduce survival rates, 
disease transmission, and host relative susceptibility (Harvell et al., 2002); so changes in 
average water temperature may also impact the tra catfish industry indirectly through 
impacts on relative disease levels (Crumlish et al., 2002; Ferguson et al., 2001; Plumb and 
Shoemaker, 1995). Ironically, results of the current study suggest that while a limited 
increase in water temperature may indirectly reduce survival by promoting disease, any 
associated increase in salinity level may in turn, negate this effect because many of the 
important diseases of catfish can be reduced if culture is practiced in a low saline 
environment that is detrimental to catfish diseases (up to 10‰) rather than freshwater 
(0‰) where catfish diseases flourish (Phan et al., 2009). 
Apart from an ability to reduce common diseases faced by tra catfish in culture, higher 
salinity levels in tra culture ponds (low brackish conditions) (Plumb and Shoemaker, 
1995), actually appeared to create better conditions for fish growth performance without 
impacting negatively on FCR values in comparison with freshwater conditions. Tra catfish 
farming can therefore in theory be expanded into more coastal areas with moderate salinity 
levels (<10‰) and potentially this can produce significantly better growth performance. 
Raising pond temperatures (to 35oC) combined with a moderate salinity (6‰) apparently 
provides optimal conditions for tra catfish growth that may reduce natural disease levels 
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without affecting FCR values. This result would suggest that the rearing period could 
potentially be reduced while also reducing threats of disease.  
Overall, these results imply that the tra catfish industry can cope with predicted 
climate changes by developing policies in planning culture areas while suggesting better 
techniques for farming. In true freshwater areas, water supply and pond preparation should 
be attempted with standard depth condition (4-4.5m deep, (De Silva and Phuong, 2011)) 
for tra catfish pond to eliminate any negative effect of temperature change; but some 
chemicals including chlorine, lime, salt, benzalkonium chloride (BKC) should be applied 
prior to stocking to reduce fish disease. In coastal areas, tra catfish farming should trial 
culture in salinity levels up to 10‰ and perhaps this will not require as much prophylactic 
measures (chemicals) to control/reduce disease. 
2.2. Optimising culture conditions 
Economic investment, in general and investment in aquaculture in particular, requires 
that producers are profitable. For farmers to maximize profits, they must have factors that 
include; (1) access to cheap but high quality fingerlings; (2) low mortality rates of 
fingerlings after transportation and pond stocking; (3) low incidence of diseases and 
chemical use; (4) fast growth rates and efficient FCR value; and (4) good market prices for 
product. The current project focussed on addressing potential impacts of important 
environmental factors (temperature, salinity and their interaction) on tra catfish growth 
performance over the juvenile phase because these factors have been identified as being of 
fundamental importance to the future of the tra catfish culture industry in Vietnam, 
assuming the likely outcomes of predicted climate changes impacts. 
Salinity levels higher than 10‰ did have negative effects on tra catfish weight gain, 
fish growth rate and FCR values (Nguyen et al., 2014b). When external environmental 
osmotic pressure was higher than the iso-osmotic pressure point of tra catfish, estimated to 
be approximately 9‰ (Do and Tran, 2012; Nguyen et al., 2014b), catfish need to consume 
larger amounts of food and energy/matter from food to address the osmotic challenge that 
was therefore not directed at weight gain, but was used for osmoregulation and protein 
synthesis in the gill to control ion regulation. Moreover, an increase of salinity above 10‰ 
did not stimulate extra food acquisition, because the volume of food consumed among 
treatments was not significantly different, but FCR values among treatments did change 
significantly. Fish in the 14 and 18‰ treatments were obviously stressed initially and then 
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did acclimate after 7-14 days (Table 2-2), but this resulted in significantly lower weight 
gains and poorer survival rates that impacted relative productivity. Thus, while tra catfish 
can acclimate to salinity levels above 10‰, they apparently do so under osmotic stress that 
requires energy to be diverted from growth into maintenance and this produces poor 
outcomes in terms of growth rate and FCR for farmer.  
Predicted effects of climate change and in particular, increases in mean ambient 
temperature from global warming impacts have been widely reported. In the Special 
Symposium on Climate Change and Aquaculture at ‘Aquaculture Canada’ (June, 2014), 
Gregor Reid discussed the need to revisit temperature effects on aquaculture and suggested 
that predictions about raised temperature could be potentially good or bad depending on 
how aquaculture industries respond and the species they work with (Reid and Jackson, 
2014).  As an ectotherm, most fish cannot maintain their body temperatures at levels 
different from the surrounding water. Water temperature affects not only biochemical and 
physiological activities of fish (Debnath et al., 2006), but also influences metabolism and 
food intake behaviour (Volkoff et al., 2009). Relationships between temperature vs 
individual growth performance and temperature vs food intake have been demonstrated in 
many fish taxa in the past. Fish tend to reduce their food intake when exposed to 
temperatures outside their preferred range but usually increase their food consumption and 
hence, improve growth rates when temperatures are raised within their natural tolerance 
range (Kehoe and Volkoff, 2008; Sunuma et al., 2007). A thermal growth coefficient 
model suggests that Atlantic salmon in Atlantic Canada can reach market size two months 
earlier when average water temperature is increased by 1oC (Reid and Jackson, 2014). In 
Chapter 3, a low culture temperature (24oC and lower) significantly affected not only 
survival rate of tra catfish, but also growth performance and FCR values. The amount of 
daily food intake was also lower than at higher temperature treatments within the natural 
range (Table 3-2). Results suggest that as temperature increased within the tolerance range, 
better growth performance was achieved; with the optimal temperature point for tra catfish 
growth performance apparently being 34-35oC because growth rate and daily food intake 
of tra catfish tended to decline above this value (36oC treatment in Table 3-2). Moreover, 
daily food intake increased and then peaked in the 34oC treatment with the FCR value not 
significantly different from the control treatment (27oC) (Table 3-2). A similar result was 
observed in Chapter 4 under 35oC combined with 6‰. These results show that while fish 
grew faster in raised temperature, there is an upper limit to this response that when 
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reached, results in a poorer response. This hypothesis could be further tested by 
investigating some physiological indicators related to mitochondrial capacities such as 
NKA activity or number of NKA in fish gill were sampling (Mathieu et al., 2013; 
McCormick et al., 2008). A comprehensive future study would be to experiment on 
specific tra catfish strains using older life history stage, investigating appropriate potential 
physiological parameters which would include additional relevant hormones, NKA 
activity, oxygen uptake and other associated genes. 
A major concern with raised water temperature can be declining dissolved oxygen 
levels. Tra catfish however, can cope with this by modifying their hematological 
parameters inducing thermal tolerance (data reported in Chapter 3). GH concentrations 
among treatments were not significantly affected by changes in water temperature 
indicating that tra catfish show an ability to cope with thermal stress (Table 3-3, Figure 4-
3). Moreover, under the thermal growth coefficient effect, metabolic rates increase in 
raised temperature producing faster growth rates at high temperature (34oC). Above this 
(≥36oC) however, there was a change in energy mobilisation in tra catfish resulting from 
thermal stress where individuals require more energy for swimming activity (potentially 
seeking cooler water), and hence, growth performance declined. Overall, tra catfish 
farming in the MRD is well placed in the south of Vietnam given the climate range now, 
27~30oC (Phuong et al., 2010), and that predicted under climate change (Anh Tuan and 
Chinvanno, 2011). Furthermore, to cope with any extreme raised temperatures, deeper tra 
catfish ponds can be built rather than the 4-4.5 m standard depth to provide cool refuges in 
ponds if rising water temperature reaches a level where stress is perceived. 
 Although temperature increases associated with future climate change in coastal 
zones have been predicted to be less than in inland areas, average maximum temperature in 
MRD was predicted to reach >31oC in coming decades. Interactive effects from increase in 
temperature and salinity will probably occur in coastal provinces of the MRD including 
Soc Trang, Vinh Long, Ben Tre and Tien Giang where both salinity and temperature have 
been predicted to rise gradually. In the current study, within the natural tolerance range of 
salinity (0-12‰) and temperature (25-35oC), tra catfish have been shown to possess 
excellent acclimation ability. Moreover, a moderate salinity increase appears to assist tra 
catfish to cope with raised water temperature, a result demonstrated in study 3 (Chapter 4). 
The data presented here will allow long-term strategic planning for the tra catfish industry 
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in coastal provinces that can improve growth performance and produce higher survival 
rates as long as salinity levels do not exceed 10‰ and water temperatures do not exceed 
35oC.  
2.3. Tra catfish strain selection 
In general, the current tra catfish strain is not a very good osmoregulator; the upper 
limit of salinity that tra catfish can survive at is approximately 18‰ with a quite narrow 
thermal range from 24-36oC. Tra catfish however are readily able to cope with the current 
environment and the predicted climate change based on some scenarios predicted for the 
Mekong River Delta. If predicted climate changes occur as scenarios suggest until 2100, 
data presented here provide strong indication that the Vietnamese tra catfish industry can 
continue to develop sustainably. 
In the current study, we also found that high salinity levels (>14‰) obviously result in 
significant stress in tra catfish (Chapter 2) and lead to low survival rates in these 
treatments. Survivors of these treatments however did show an ability to acclimate/tolerate 
the extreme conditions and survived until the end of the experimental period even with 
lower growth rates and higher FCR values. In a similar way, fish surviving under extreme 
temperature conditions (<24oC and ≥36oC) showed high tolerance to thermal stress. 
Therefore, if the climate changes in the future exceed predictions, these individuals 
potentially offer good candidates for new selection for extreme conditions in future 
breeding programs. Hence, selected strains that are designed for specific different 
environmental conditions should be considered for development. Development of 
appropriate tra catfish culture lines adapted to specific environmental conditions will have 
the ability to produce better outcomes for the industry and greater industry resilience as 
conditions change.  
3. Conclusions 
The biological characteristics of tra catfish and their physiological responses to 
salinity and temperature changes reported in the current study indicate that this freshwater 
fish is a very appropriate candidate for freshwater aquaculture in the MRD, even where 
conditions are changing rapidly. The most important issues for sustainable development of 
the tra catfish industry in Vietnam in the near future should be ensuring socio-economic 
issues related to profit and product quality (De Silva and Phuong, 2011). To deal with this, 
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suitable policies and strategic planning for tra catfish farming in the future should be 
undertaken based on scientific research as with the current study. The future can be bright 
for this important industry because the predicted margin of environmental change would 
not apparently be beyond the natural ability of tra catfish to respond and even to produce 
better outcomes for the local industry. 
Notwithstanding the results reported here, this research addressed only two critical 
environmental factors that are going to be important in the future for tra aquaculture given 
predictions of climate change. Analyses here clearly demonstrated that moderate increases 
in both temperature and salinity may very well improve the culture industry for this species 
in southern Vietnam. However it was also evident that interactions between these factors 
were complex for most of the growth and hematological variables investigated. While 
much research has been directed towards predicting climate change and its likely 
consequences in the future, complex environmental interactions and their respective 
ecological outcomes are more difficult to forecast. It should not be assumed therefore, that 
persistence of either the tra aquaculture industry, nor wild populations of the species in the 
Mekong River, will be guaranteed in the light of rapid changes to their environment. 
However, the obvious ability for this FW species to rapidly acclimate to changed 
conditions suggests that the capacity exists for long term adaptation to higher temperature 
and salinity, even if the change is occurring relatively rapidly.  
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Appendix 4: Protocols 
Glucose assay 
Basis: glucose is converted into glucose peroxide by an enzyme (glucose oxidase). Glucose 
peroxide reacts with ABS with the help of another enzyme (peroxidase) to from a green/blue 
compound that can be read at 436 nm. Glucose assay generally server to assess the physiological state 
of an animal under stressful conditions. 
 Phosphate buffer (0.6M): 
-    28.36g of  Na2HPO4 (PM = 141.96 ) 
-    13.625g of KH2PO4 (PM = 136.09 ) 
-    Complete to 500 mL pure water 
-    Adjust PH to 7.5 
-    Can be stored at ambient temperature 
Phosphate buffer (0.1M): 
-   100 mL of Phosphate buffer (0.6M ) 
-   500 mL of pure water 
-   Adiust PH to 7.5 
Perchloric acid (0.33M): 
-   97.165 mL pure water 
-   2.835 mL HCLO4 70% 
The handling of perchloric acid HCLO4 is dangerous. You should always put the acid into the 
water and not the water into the acid, because the reaction is exothermic. If you put the water in the 
acid, it may briefly but sharply boil and projections may be harmful. 
Glucose solution (1g/L): 
-   20 mg of glucose 
-   20mL pure water 
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Reactive solution:  
-    2000 units of glucose oxidase (if 148 400 unit/gram, then 13.4 mg of powder) 
-   147 units of peroxidise (if 113 unit/mg, then 1.3 mg of powder) 
-   125 mg of ABTS (2,2 Azino-di-(3-ethylbenzoline sulfonate)) 
-   Add 500 mL of phosphate buffer 0.1M 
-   Protect this solution from light with aluminium (enzymes sensitive to light) 
-   This solution must be FRESHLY prepared every day 
Procedure: 
1- Preparation of standard 
Standard Glucose solution (µL) Pure water 
(µL) 
S0 0 100
S1 5 95
S2 10 90
S3 20 80
S4 40 60
S5 60 40
S6 80 20
S7 100 0
2 – Deproteinisation (singlicate ) 
In a microtube (500µL), put: 
-    25 µL of serum / standard 
-    50 µL of perchloric acid 
-    Mix 
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-    Centrifuge at 3000 PRM for 10 minutes 
3 – Assay (duplicate) 
In a plastic tube, put: 
             -   25 µL of supernatant 
-   2 mL of reactive solution 
-   Mix 
-   Incubate at 38 C for 15 minutes 
-   Read absorbance at 436 nm 
Calculations 
The glucose standard normally follows a curve (O.D. plotted against glucose concentration). Plo 
the adsorbance of the samples against the curve and deduce its concentration in glucose. 
Caution  
As cortisol, glucose rises in the blood following acute strees within a few minutes (about 10 
minutes). Therefore, when glucose is assayed, fish should be sampled the 10 minutes following 
handling. 
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IGF-1 ELISA assay protocol  
General Remarks 
- All reagents and specimens must be allowed to come to room temperature before use. 
All reagents must be mixed without foaming. 
- Once the test has been started, all steps should be completed without interruption. 
- Use new disposal plastic pipette tips for each standard, control or sample in order to 
avoid cross contamination. 
- Absorbance is a function of the incubation time and temperature. Before starting the 
assay, it is recommended that all reagents are ready, caps removed, all needed wells 
secured in holder, etc. This will ensure equal elapsed time for each pipetting step 
without interruption. 
- As a general rule the enzymatic reaction is linearly proportional to time and 
temperature. 
Acidification and Neutralization of Patient Samples, Standards and Controls 
1. Pipette 200 µL Sample, Standard or Control in 1.5 mL-Reaction caps (E.g. Eppendorf-Caps).
Please note: The standards should be acidified and neutralized too, according to the procedure 
described below. 
2. Add 20 µL 1 M HCl.
3. Mix and incubate for 15 minutes.
4. For Neutralization add 20 µL Neutralization Buffer to all caps and mix the solution.
A pH check and correction of pH is not necessary. 
Immediately continue assay procedure. 
Test Procedure 
1. Secure the desired number of Microliter wells in the frame holder.
2. Dispense 50 µL of each acidified and neutralized Standard, Control and samples with new
disposable tips into appropriate wells. 
3. Dispense 100 µL Enzyme Conjugate into each well. Thoroughly mix for 10 seconds. It is
important to have a complete mixing in this step. 
4. Incubate for 120 minutes at room temperature.
5. Briskly shake out the contents of the wells. Rinse the wells 3 times with diluted Wash Solution
(400 µL per well). Strike the wells sharply on absorbent paper to remove residual droplets. 
Important note: 
The sensitivity and precision of this assay is markedly influenced by the correct performance of 
the washing procedure! 
6. Dispense 150 µL Enzyme Complex into each well.
7. Incubate for 60 minutes at room temperature.
XVII 
 
8. Briskly shake out the contents of the wells. Rinse the wells 3 times with diluted Wash Solution 
(400 µL per well). Strike the wells sharply on absorbent paper to remove residual droplets. 
9. Add 100 µL of Substrate Solution to each well. 
10. Incubate for 30 minutes at room temperature. 
11. Stop the enzymatic reaction by adding 100 µL of Stop Solution to each well. 
12. Determine the absorbance (OD) of each well at 450 ± 10 nm with a microtiter plate reader. 
It is recommended that the wells be read within 10 minutes after adding the Stop Solution. 
Calculation of Results 
1. Calculate the average absorbance values for each set of standards, controls and patient 
samples. 
2. Using semi-logarithmic graph paper, construct a standard curve by plotting the mean 
absorbance obtained from each standard against its concentration with absorbance value on the 
vertical (Y) axis and concentration on the horizontal (X) axis. 
3. Using the mean absorbance value for each sample determine the corresponding concentration 
from the standard curve. 
4. Automated method: The results in the IFU have been calculated automatically using a 4 PL (4 
Parameter Logistics) curve fit. 4 Parameter Logistics is the preferred method. Other data reduction 
functions may give slightly different results. 
5. The concentration of the samples can be read directly from this standard curve. Samples with 
concentrations higher than that of the highest standard have to be further diluted or reported as > 600 
ng/mL. For the calculation of the concentrations this dilution factor has to be taken into account. 
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Cortisol ELISA Assay protocol 
General Remarks  
- All reagents and specimens must be allowed to come to room temperature before use. All 
reagents must be mixed without foaming. 
- Once the test has been started, all steps should be completed without interruption. 
- Use new disposal plastic pipette tips for each standard, control or sample in order to avoid 
cross contamination. 
- Absorbance is a function of the incubation time and temperature. Before starting the assay, it 
is recommended that all reagents are ready, caps removed, all needed wells secured in holder, 
etc. This will ensure equal elapsed time for each pipetting step without interruption. 
- As a general rule the enzymatic reaction is linearly proportional to time and temperature. 
Assay Procedure 
Each run must include a standard curve. 
1. Secure the desired number of Microtiter wells in the holder.
2. Dispense 20 µL of each Standard, Control and samples with new disposable tips into
appropriate wells. 
3. Dispense 200 µL Enzyme Conjugate into each well.
4. Thoroughly mix for 10 seconds. It is important to have a complete mixing in this step.
5. Incubate for 60 minutes at room temperature (without covering the plate).
6. Briskly shake out the contents of the wells.Rinse the wells 3 times with diluted Wash Solution
(400 µL per well). Strike the wells sharply on absorbent paper to remove residual droplets. 
Important note:The sensitivity and precision of this assay is markedly influenced by the correct 
performance of the washing procedure! 
7. Add 100 µL of Substrate Solution to each well.
8. Incubate for 15 minutes at room temperature.
9. Stop the enzymatic reaction by adding 100 µL of Stop Solution to each well.
10. Read the OD at 450±10 nm with a microtiter plate reader within 10 minutes after adding the
Stop Solution. 
Calculation of Results 
1. Calculate the average absorbance values for each set of standards, controls and donor samples.
2. Construct a standard curve by plotting the mean absorbance obtained from each standard
against its concentration with absorbance value on the vertical(Y) axis and concentration on the 
horizontal (X) axis. 
3. Using the mean absorbance value for each sample determine the corresponding concentration
from the standard curve. 
4. Automated method: The results in the IFU have been calculated automatically using a 4 PL (4
Parameter Logistics) curve fit. Other data reduction functions may give slightly different results. 
XIX 
5. The concentration of the samples can be read directly from this standard curve. Samples with
concentrations higher than that of the highest standard have to be further diluted. For the calculation of 
the concentrations this dilution factor has to be taken into account. 
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GH ELISA Assay 
 
